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PREPARED FOR THE UNITED STATES 
DEPARTMENT OF ENERGY 
DIVISION OF SOLAR ENERGY 
UNDER CONTRACT NO. ERDA E(49-18)2365 
THE WIND FURNACE (WF- I ) , DEC., 1976 
AT SOLAR HABITAT ONE 
UNlV€RSi TY OF MASSRCHUSETTS ,AhtHERST 
"Th is  r e p o r t  was prepared t o  document work sponsored by t h e  Un i t ed  S ta tes  
Government. N e i t h e r  t h e  Un i t ed  S ta tes  no r  i t s  agent  t h e  Un i t ed  S ta tes  
Department o f  Energy, no r  any Federal  employees, n o r  any o f  t h e i r  con- 
t r a c t o r s ,  subcon t rac to rs  o r  t h e i r  employees, make any war ran ty ,  express o r  
imp1 ied ,  o r  assume any l e g a l  l i a b i l i t y  o r  r e s p o n s i b i l i t y  f o r  t h e  accuracy, 
completeness, o r  use fu lness  of any i n f o r m a t i o n  apparatus, p roduc t  o r  process 
d i sc l osed ,  o r  r ep resen t  t h a t  i t s  use would n o t  i n f r i n g e  p r i v a t e l y  owned 
r i g h t s . "  
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0. Abstract  
A summary o f  t h e  a c t i v i t i e s  and r e s u l t s  o f  a f o u r  year  Wind Furnace 
p r o j e c t  i s  given. The r e p o r t  emphasizes t h e  phys ica l  na ture  o f  t h e  Wind 
Furnace-One wind t u r b i n e  generator  and descr ibes t h e  var ious subsystems. 
Decisions i n  t h e  design process a re  given: s h o r t f a l l s  and inadequacies i n  
t h e  design process a r e  described. The educat ional  component of t h e  p r o j e c t  
i s  summarized. Comments on p r o j e c t  management and coo rd ina t i on  w i t h i n  t h e  
academic environment a re  given. 
1. Sumary 
A f t e r  considerable preparatory t h i nk i ng  and analysis i t  was proposed 
by the Un ive rs i t y  o f  Massachusetts (Amherst) t h a t  some combination o f  
f l a t  p l a t e  so lar  c o l l e c t o r  heating system plus Wind Turbine Generator (WTG) 
system, using a  shared low-cost thermal storage, might be compet i t ive i n  many 
par ts  o f  the World (1972). A 32.5 ft diameter three bladed modern high 
speed wind tu rb ine  had already been s ta r ted  as an academic p ro jec t ,  funded 
by g i f t s  and an NSF Undergraduate Research Pa r t i c i pa t i on  Grant (1973). It 
was determined t h a t  a  very t i g h t  and heat conservant bu i ld ing  designed and 
b u i l t  by Professor Cur t i s  Johnson of the  Food and Ag r i cu l t u ra l  Engineering 
Department could be made ava i lab le  as a  t e s t  s i t e .  An NSF Windpower 
research grant  competi t ion was entered and funds were received t o  car ry  on 
i n  the  academic research mode (1974). The Un ivers i t y  agreed t o  f inance 
s i t e  work and the  construct ion of an oversize-concrete basement a t  t he  
highest po in t  on the campus, thus c rea t ing  a  laboratory named The Solar  
Habi tat .  
The hybr id concept had been described and set  up as a  system tha t  could 
be simulated on the  computer f o r  any s i t e  f o r  which wind (speed and 
d i r ec t i on )  and so la r  i nso l  a t i on  data were avai lab1 e. Wind data f o r  Har t ford  
In ternat iona l  A i r po r t  (Bradley F ie l d )  were combined w i t h  i nso la t i on  data f o r  
Blue H i l l s ,  Mass. - the  only useable data ava i lab le  a t  t h a t  time, recognized 
from the s t a r t  as a  m i s f i t ,  but  be t te r  than nothing. The ea r l y  computer 
simulat ions showed the strong in f luence which wind wheel diameter, tu rb ine  
generator ra ted  power and the shape of the  power output versus speed 
charac te r i s t i c ,  the area of the so la r  co l lec to rs ,  the  s i ze  o f  the thermal 
storage, the i n f i l t r a t i o n  losses o f  the bu i l d i ng  and t he  number o f  a i r  
changes per hour experienced by the  b u i l d i n g  cou ld  have on t h e  r e s u l t s .  
Extensive parametr ic  analyses were made, and i t  was decided t h a t  the  
i n i t i a l  hardware u n i t  would comprise: 
(a )  A 32.5 f t  diameter windwheel d r i v i n g  a 25 kW generator, cu t -  
i n  a t  7 mph and reaching ra ted  power a t  26.1 mph. An o v e r a l l  WTG wind- 
wheel t o  generator output  mechanica l -e lec t r ica l  e f f i c i e n c y  of 85% was 
assumed. 
(b) Two hundred square f e e t  o f  f l a t  p l a t e  c o l l e c t o r ,  mounted v e r t i c a l l y  
(s imply because t h e  a v a i l a b l e  b u i l d i n g  could accommodate t h a t  ar ray  and 
nothing e l se ) .  
( c )  A WTG a x i s  he ight  o f  80 f t  was selected o r i g i n a l l y ,  bu t  l a t e r  re -  
duced t o  62 f t  because o f  concern about aesthet ics  - t h i s  too  was a r a t h e r  
a r b i t r a r y  choice. 
(d)  A down-wind, yaw-dampened WTG was decided upon i n  order t o  take 
advantage o f  c e n t r i f u g a l  r e l i e f  a t  a t e n  degree f i x e d  blade coning angle. 
(e) It was decided t o  use water thermal storage because i t  was thought 
t h a t  i t  would have more un iversa l  appeal i n  the  prospect ive market than 
would a hot  a i r  system w i t h  rock thermal storage. Because o f  t h e  ind ica ted  
importance o f  storage s i z e  as a system parameter, i t  was decided t o  i n s t a l l  
f i v e  d i f f e r e n t  tanks. It was a l s o  thought t h a t  separate tanks might be 
wanted f o r  t h e  f l a t  p l a t e  c o l l e c t o r  system and f o r  t h e  WTG. 
( f )  I t  was recognized from t h e  beginning t h a t  a number o f  models o f  
t h e  Wind Furnace existed,  and t h a t  t h e  generat ion o f  e l e c t r i c i t y ,  fo l lowed 
by degradation o f  t h a t  h igh  q u a l i t y  energy down t o  r e l a t i v e l y  low q u a l i t y  
s tored hot  water was n o t  thermodynamically proper. Therefore, a mechanical 
churn (Mod Four) was inc luded i n  t h e  fu tu re  plans f o r  t h e  Wind Furnace, 
replacing the generator. I t  was a l so  recognized tha t  Gustav Meyer's 
idea (1934) of combining a wind wheel and a heat pump f o r  heating was 
thermodynamically very a t t r a c t i v e ;  so a heat pump model was a l so  included 
i n  the fu ture  plans. A t  this time the mechanical churn shows strong 
potential  t o  be more cos t  e f fec t ive  than the e l e c t r i c  generator, but the 
heat pump system demands t h a t  some mechanical hardware (a variable s t roke 
refr igerat ion compressor) must  be developed before t h a t  model can make 
economic sense. 
(g) I t  was decided t h a t  the value of a competitive system would be 
measured only in  economic terms: which system would del iver  the most 
useful product in a way t h a t  would cos t  the owner the l ea s t  money. As 
sta ted e a r l i e r ,  each of the models waste a considerable amount of collected 
energy, but this has been readi ly  accepted, provided the un i t  cos t  of use- 
ful delivered product decreased desp i te  the waste. 
The  f l a t  p la te  c ~ l  l ec tors  and a1 1 of their associated hardware were 
purchased and this subsystem has performed well. The WTG was designed and 
b u i l t  within the University. Many of the major par ts  were obtained as  
vendor supplied items, b u t  the key par ts  were home-built. Engineering 
graduate students accompl i shed the design work, ordered the material and 
ass i s ted  i n  building and assembling the par ts .  The School of Engineering 
Shops accomplished a l l  of the welding, machining and assembly work. One 
graduate student constructed the male mold f o r  the blades, another one 
designed and bu i l t  a l l  of the tooling and did the preponderance of the 
work required t o  make four pre-production blades, then a matched set of 
four production blades. All of the departmental technicians and some 
additional research a s s i s t an t s  he1 ped in  blade construction. 
One graduate research  a s s i s t a n t  d id  t h e  major i ty  of t h e  s t r u c t u r a l  
support  d e t a i l i n g ,  obtained a l l  t h e  mater ia l  and supervised t h e  t o t a l  
e f f o r t  of c r e a t i n g  t h e  suppor t  structures and i t s  foundat ions.  
One graduate research a s s i s t a n t  s t a r t e d  with a three-phase,  s epa ra t e ly  
e x c i t e d ,  31.1 kVA 1800 rpm gene ra to r ,  a g i f t  t o  the p r o j e c t ,  and determined 
a l l  of t h e  requirements of the e l e c t r i c a l  power subsystems, obtained a l l  
the mater ia l  and e i t h e r  procured o r  b u i l t  the p a r t s .  I t  was determined 
i n  t h e  e a r l y  s t a g e  of t h e  design - t h a t  some kind of load c o n t r o l l e r  would 
be necessary t o  prevent  even s o  s imple a th ing  a s  an a t t ached  r e s i s t a n c e  
hea t ing  load from overloading and thus  s t a l l i n g  t h e  windwheel a t  low wind 
v e l o c i t i e s .  This  idea i n i t i a l l y  took t h e  form o f  a switching load c o n t r o l l e r ,  
then became a combination of  s e r i e s - p a r a l l e l  hea te r s  plus a f i e l d  c o n t r o l -  
ler  t h a t  sensed genera tor  rpm and adjus ted  f i e l d  current accordingly.  
One undergraduate research  a s s i s t a n t  took on the job of  des igning ,  
then bui lding the f i e l d  c o n t r o l l e r ,  t h e  master l o g i c ,  the p i t c h  c o n t r o l l e r  
and the as soc ia t ed  power supp l i e s .  
One graduate research  a s s i s t a n t  was respons ib le  f o r  t h e  mechanical 
engineering of  t h e  system from t h e  t o p  of the pole upwards. He designed 
t h e  pole matcher,  t h e  main frame, t h e  s l i p  r ing  assembly, t h e  brush blocks,  
the speed-up t ransmiss ion ,  and was respons ib le  f o r  t h e  o v e r a l l  shape 
and balance of the system. 
Another graduate research  a s s i s t a n t  designed t h e  hub and the blades 
p i t ch ing  mechanism, from t h e  d.c .  motor inpu t  t o  a mechanical push-pull 
motion t h a t  p i tches  t h e  blades a s  commanded by the p i t c h  c o n t r o l l e r .  He 
a l s o  designed and supervised cons t ruc t ion  of a yaw damper device  which 
prevents  excess ive  yawing (angular )  v21 oci  t y  and thus  prevents  
unacceptable bending moments induced by gyroscopic forces.  
Two graduate research ass i s tan ts  and two undergraduates l a i d  down t h e  
contour  1 ines f o r  f a i r i n g  the  nacel l e y  decided t h e i r  s t r u c t u r a l  requ i re -  
ments and concept, then b u i l t  t h e  nace l le ,  along w i t h  t h e  requ i red  t o o l i n g .  
One graduate research a s s i s t a n t  designed and b u i l t  t h e  l i g h t n i n g  rod 
and t h e  brush blocks. 
Another graduate research ass i s tan t  and an undergraduate designed and 
b u i l t  t h e  mechanical-hydraul ic brake w i t h  i t s  mechanical over r ide .  
One graduate research a s s i s t a n t  performed a l l  o f  t he  computer p rog raming  
and s imu la t i on  s tud ies  f o r  t h e  e n t i r e  system. 
Two graduate research ass i s tan ts  designed and b u i l t  a l l  o f  t h e  thermal 
systems which are  i n s t a l l e d  i n  t h e  s o l a r  h a b i t a t  and then tes ted  and c a l i -  
b ra ted them. One more graduate research ass i s tan t  designed, b u i l t  and 
i n s t a l l e d  an i n t e g r a t i n g  pyrhel iometer ,  then took over  t h e  j o b  o f  complet ing 
t h e  design o f  t h e  thermal experiment and t h e  ac tua l  accomplishment o f  t h e  
heat  l oss  measurements on t h e  completed So lar  Hab i ta t  and i t s  subsystems. 
Departmental techn ic ians  assembled t h e  house on t h e  foundat ion t h a t  was 
b u i l t  by an outs ide  con t rac to r .  They se t  up t h e  house framing, i n s t a l l e d  
t h e  f l o o r ,  w a l l  and r o o f  panels, i n s t a l l e d  doors and windows, and f i n i s h e d  
t h e  house i n s i d e  and outs ide,  i n c l u d i n g  trim and pa in t i ng .  Other techn ic ians  
i n s t a l  l e d  the  plumbing and t h e  e l e c t r i c a l  w i r i n g .  
One graduate research a s s i s t a n t  and two undergraduates i n s t a l l e d  wind 
data c o l l e c t i o n  instruments i n  t h e  WMass Wind Data System, c o l l e c t e d  t h e  
r e s u l t e d  and ass i s ted  i n  t h e i r  ana lys is .  
One graduate research a s s i s t a n t  performed dynamic analyses o f  t h e  
support s t r u c t u r e  and of many compet i t i ve  con f igu ra t i ons  of t h e  tower which 
were considered, including a tripod tower that  was thought to be more 
cost-effective than the s teel  stayed pole mast. 
Two graduate research assis tants  and two undergraduates created a model 
blade testing program that  used the University's 4 f t  x 4 f t  open-throat 
wind tunnel. They constructed models, tested them and star ted the cor- 
relation of model resul ts  w i t h  fu l l  scale resul ts .  Their e f for ts  extended 
t o  the comparative analysis of competitive blade systems; Optimum shape 
versus Constant Chord, Variable Twist versus Linear Taper, Linear Twist 
versus Linear-Taper Variable-Twist, for  example. Those resul ts  will be of 
great value i n  follow-on designs. 
Two undergraduate students prepared wood carving blocks and reduced t o  
a wooden master the team's design for  a 35 f t  Linear-Taper Linear-Twist 
blade for  the next generation. 
All of the supervision of analysis, design, fabrication, construction 
and erection, plus the administrative de ta i l s  required to  accomplish the 
above was provided by faculty,  coordinated by one man called the project 
engineer, who reported direct ly t o  the principal investigator. The paper 
work and accounting was done by the three secretaries of the Civil 
Engineering Department. The existing University f a c i l i t i e s ,  Physical 
Plant, Purchasing and Accounting were used as required. The existing 
School of Engineering Shops and the i r  competent managing professor were 
used continuously. 
The complete Wind Furnace System a t  Solar Habitat One now exists ,  a 
well-instrumented t e s t  f a c i l i t y .  Unfortunately not enough data have been 
collected yet to  prove conclusively that  the Wind Furnace concept and 
computer simulation were correct: those data are t o  be collected over the 
per iod  September 1977 through May 1978. It i s  thought t h a t  these con- 
c l u s i o n s  can s a f e l y  be recorded i n  sun.rmary o f  t h e  work t o  date:  
( a )  The Wind Furnace One, as a  wind t u r b i n e  generator ,  has performed 
t o  i t s  design s p e c i f i c a t i o n ,  has w i ths tood winds i n  excess of 
100 mph and has surv ived l i g h t n i n g  s t r i k e s  a t  l e a s t  i n  t h e  v i c i n i t y .  
(b )  The idea o f  us ing  blade p i t c h  c o n t r o l  t o  enhance low wind speed 
s t a r t - u p  o f  a  3-bladed, h igh  speed, p r o p e l l e r - t y p e  machine has 
been v e r i f i e d .  The automatic p i t c h  c o n t r o l l e r  works ve ry  we1 1  and 
i s  probably cos t  e f f e c t i v e .  
( c )  Hand laminated, g lass  r e i n f o r c e d  p l a s t i c  blades can be very  c o s t  
e f f e c t i v e  f o r  a  WTG o f  t h i s  s ize .  
( d )  The idea o f  us ing  a  l oad  c o n t r o l l e r  t o  enhance smoothness o f  
opera t ion  and prevent  s t a l l i n g  o f  a  WTG has been proven and t h e  
hardware and method ( f i e l d  c o n t r o l l e r )  appear t o  be c o s t  e f f e c -  
t i v e .  
( e )  The stayed po le  mast can be c o s t - e f f e c t i v e  and a e s t h e t i c a l l y  
p leas ing  as a  WTG support  s t ruc tu re .  
( f )  Wi th proper design t h e r e  need be no v i b r a t i o n  o r  f a t i gue  
problems i n  a  c o s t - e f f e c t i v e ,  h igh  s p e e d p r o p e l l e r t y p e  WTG. 
( g )  The concept o f  f l a t  p l a t e  c o l l e c t o r  p lus  wind hyb r id  heat ing  sys- 
tem may no t  be c o s t  e f fec t i ve :  wind a lone o r  f l a t  p l a t e  c o l -  
l e c t o r  alone, depending upon t h e  s i t e ,  w i l l  p robably be b e t t e r .  
(h )  The Mechanical Model (Mod 4 )  of t h e  Wind Furnace w i l l  probably 
be t h e  most cos t -e f fec t i ve  model wherever t h e  wind system can 
be placed c lose  t o  t h e  thermal storage. 
( i )  The h o t  a i r  vers ion  o f  t h e  Mechanical Model, i n  which a i r  i s  
heated mechanically and a rock bed i s  used f o r  storage, as 
proposed by Clarence Kenney o f  Merton Engineering Company, i s 
worth inves t iga t ing  f o r  homes equipped w i t h  hot  a i r  heating 
sys tems . 
The Wind Furnace Pro ject  was a very i n te res t i ng  operatjon w i t h i n  
the academic research arena. To some o f  the scholars on carripus 
i t  was l i t t l e  other than a vocational school e f f o r t :  t o  those 
who work w i t h  t h e i r  hands i n  the un i ve rs i t y  (technicians, shop 
mechanics, purchasing agents, secretar ies) i t  was almost an i ndus- 
t r i a l  operation, too much f o r  the i n s t i t u t i o n ' s  f a c i l i t i e s  and 
capab i l i t i es .  For the students supported by it, i t  was a ra re  
opportuni ty t o  lea rn  and use the best o f  theory, then apply i t  
t o  the creat ion o f  a  rea l  product: t h i s  d i s c i p l i n e  was c r u e l l y  
sobering upon occasions. The opportuni ty seemed t o  be re l i shed  
by a l l  the students who par t ic ipated.  To the facu l t y  who bore 
the respons ib i l i t i es  o f  supervision i t  was a mixed blessing: 
the need t o  produce hardware resu l t s  t o  a  schedule d i d  no t  always 
r e s t  eas i l y  on the shoulders of the par t i c ipan ts .  The p r ide  i n  
accomplishment, when a l l  was done and i t  worked, was universal,  
however, and the p ro jec t  has had a worthwhile long-term e f fec t  
on the egos and competence o f  those who i den t i f i ed  w i t h  it. 
To the un i ve rs i t y  administrat ion,  i t  was a source o f  desired 
do l l a r s  and the cause f o r  creat ion of a  s i g n i f i c a n t  new laboratory.  
The usefulness o f  t ha t  laboratory i n  the long-term t o  the univer-  
s i t y  now remains t o  be seen. To the U.S. Solar Energy Program, 
t h i s  p ro jec t  should have demonstrated c l e a r l y  how much of an 
impact a s izeab le  wind-heating program could have on o i l  con- 
surnption i n  t h e  U.S., i f  t h e  r i g h t  people decide t o  g e t  behind 
t h e  concept. To t h e  U.S. c i t i z e n r y ,  t h i s  p r o j e c t  should show 
how s i g n i f i c a n t  a c o n t r i b u t i o n  wind power u t i l i z a t i o n ,  i n  t h e  
near term, could be, i f  they  decide t o  ge t  on w i t h  it. 
NSF and the  Energy Research and Development Admin is t ra t ion  (ERDA) 
invested $280,000 i n  t h e  two year  Wind Furnace Pi-oject, f o r  which t h e  UMass 
team a re  more than w i l l i n g  t o  acknowledge w i t h  g ra t i t ude .  P r i v a t e  c o n t r i -  
but ions t o  the  Mark Swann Account invested $45,000 f o r  which we a re  equa l l y  
g r a t e f u l .  The U n i v e r s i t y  inves ted $28,000 i n  t h e  l abo ra to ry  and t h e  s i t e ,  
p r i n c i p a l l y  money d i v e r t e d  from overhead earned on t h e  ERDA grants.  The 
U.S.D.A. funding t h a t  supported t h e  design and cons t ruc t i on  o f  t h e  
C u r t i s  Johnson house amounted t o  $37,000. For t h a t  investment a success- 
f u l l y  working and wel l - inst rumented labo ra to ry  and demonstration s i t e  has 
been b u i l t  and s e t  t o  work. 
Four doc tora l  candidates, 15 master 's  candidates and 9 undergraduates 
have received subs tan t ia l  support t o  date towards t h e  cos t  of t h e i r  edu- 
ca t ion ,  and 10 professors have enjoyed some support o f  t .hei r  research 
i n t e r e s t s .  It i s  t h e  op in ion  o f  t h e  p r i n c i p a l  i nves t i ga to r ,  a t  l eas t ,  
t h a t  those who invested have received good value, and t h a t  much more value 
i s  y e t  t o  be der ived i f  t h e  u n i v e r s i t y  i s  now a b l e  t o  use e f f e c t i v e l y  
t h a t  which has been erected. 
2. The Wind Furnace Concept and t h e  T r i a l  System 
I n  1934 Gustav Meyer inc luded i n  h i s  book WINDKRAFT (FACHBUCHVERLAG 
LEIPZIG) t h e  idea t h a t  t h e  improved windmi l l  and t h e  then very new heat 
pump might be combined t o  c rea te  an e f fec t i ve  space and/or water heat ing  
system. I n  1972 Heronemus and McGowan a t  t h e  U n i v e r s i t y  o f  Massachusetts 
asked Darkaza l l i  t o  work on a  p r o j e c t  i n v e s t i g a t i n g  several p o s s i b i l i t i e s  
f o r  s o l a r  and/or wind powered heat ing of a  new secondary school b u i l d i n g  
then under cons t ruc t i on  i n  Amherst. One school had a l ready been b u i l t  t o  
those plans, so two near l y  i d e n t i c a l  possi b i l  i t i e s  ex is ted .  
The same year Stoddard a t  Amherst completed h i s  f i r s t  s t r i p  theory  
f o r  aerodynamic ana lys i s  of wind wheels, Van Dusen a t  Amherst showed how 
h i s  rowing s h e l l  s t rength  ana lys i s  and i t s  support ing computer programs 
could be used t o  design Glass Reinforced P l a s t i c  (GRP) blades, and Atwater 
was put  t o  work l a y i n g  ou t  blade s t a t i o n s  based on t h e  Canadian Brace 
I n s t i t u t e ' s  32.5 ft. diam. 3-bladed wind wheel. Cromack ind i ca ted  a  s t rong 
i n t e r e s t  i n  t h e  p r o j e c t  and s a i d  he could use h i s  open-throat wind tunnel  
t o  compare scale model wind wheels. Mark Swann gave Heronemus a  s izeab le  
sum o f  money t o  pursue a1 t e r n a t i v e  energy concepts, K i r c h h o f f  made a v a i l  - 
ab le  two 10 week sumner appointments i n  h i s  Undergraduate Research P a r t i c i -  
pa t i on  Grant from NSF, and Antoon and Clement Cheung, two aeronaut ica l  
engineers, j o ined  t h e  e f f o r t .  
The f i r s t  goal was the  design and cons t ruc t i on  o f  a  32.5 ft. diam. wind 
tu rb ine .  Heronemus, D ja fe r i s  and Poole ca l cu la ted  t h e  p r o d u c t i v i t y  o f  t h e  
wind t u r b i n e  i n  both t h e  raw energy mode and i n  Heronemus' hydrogen-l ink 
storage sub-system con f igu ra t i on  a t  many s i t e s  across t h e  count ry  and f o r  
var ious i s 1  ands. The r e s u l t s ,  cornpa;-ed against  Darkazal l  i ' s  e a r l y  r e s u l t s  
suggested that  one machine of th i s  s ize  could produce enough energy during 
the heating season a t  many s i t e s  to  supply 60% or more of the heating and 
hot water required for  an ASHRAE well-insulated house a t  t ha t  s i t e .  
Many on-1 ookers had a1 ready suggested the concept tha t  f 1 a t  pl a t e  
solar  collectors and a w i n d  powered heater might take turns (bright sun/no w i n d  
versus dull sky/good wind) a t  providing heating, and Darkazall i ' s  resu l t s  
corroborated that  theory. Therefore, the concept of the hybrid system, wind 
turbine plus solar  f l a t  plate col lectors ,  emerged as the Wind Furnace. I t  
was called the NEWF - the New England Wind Furnace - until ERDA money was 
accepted, a t  which time the name was changed to the more general - Wind Furnace 
The second goal of the concept was rooted in economics. I t  was c lear  
that  e l ec t r i c i ty  produced by a wind system, firmed u p  with chemical storage 
ba t te r ies ,  would be competitive only under the most unusual circumstances. 
I t  was also clear  tha t  e l ec t r i c  costs for  the heating of space and water a re  
considerably more than normal e l ec t r i c  costs i n  the non-el ec t r i c  heated home, 
and tha t  a storage system considerably less  expensive than bat ter ies  could 
s tore  heat. I t  was decided t o  use a l iquid system because most New England 
buildings use 1 iquid heating (baseboard water). 
The s ize  of the thermal storage was shown t o  be a major parameter. 
All of the computer simulations showed considerable overflow or wastage of 
windpower over an en t i r e  year, b u t  t h i s  was accepted because the economics 
s t i l l  favored the system tha t  provided only heating. The llMass team, 
concerned about the gl obal heating probl em associated with energy practices 
that  convert matter into heat, adopted the a t t i tude  that  wastage of solar- 
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pro i ed energy was en t i re ly  different  from wastage of f o s s i l ,  f iss ion o r  
fusion-provided energy, from many points of view. I t  was to  l e t  simple 
economics determine which wind furnace system was best.  
The heat pump o f  Gustav Meyer was s t i l l  i n  t h e  minds o f  t h e  team, 
b u t  no one seemed t o  be ab le  t o  show t h a t  i t s  a d d i t i o n  t o  the  system would 
be economical ly v iab le .  It was agreed, repeatedly,  t h a t  i f  the re  were some 
p r a c t i c a l  way o f  d i r e c t l y  coupl ing t h e  heat pump t o  t h e  wind wheel, and 
some way o f  s t o r i n g  both  heat and cold,  o r  perhaps a flywheel storage o f  
reasonable c o s t  between wind wheel and heat pump compressor, then perhaps 
Meyer's o r i g i n a l  concept might  become v i a b l e .  A t  t he  t ime  o f  t h i s  w r i t i n g ,  
C u r t i s  Johnson may have a concept t h a t  w i l l  i n t e g r a t e  t h e  heat pump e f f e c -  
t i v e l y  provided Heronemus' v a r i a b l e  s t roke  compressor can be b u i l t  a t  
reasonable cos t :  bu t  a l l  t h a t  remains t o  be demonstrated. 
The mechanical churn model , t h e  l a r g e  scale Joul e-Thompson "mechanical 
equ iva lent  o f  heat"  physics l a b  experiment, was i d e n t i f i e d  e a r l y  as a s t rong 
contender fo r  t he  best  model of t h e  Wind Furnace. That b e l i e f  has been 
substant ia ted  du r ing  the  p ro jec t ,  and as of August 1977, a cos t  e f f e c t i v e  
se t  o f  Model Four hardware has been demonstrated on the  d iese l  powered bench 
t e s t  r i g .  The mechanical systems of the  f i r s t  Wind Furnace wind machine 
(WF-1) were comproniised t o  some ex ten t  t o  make poss ib le  the  easy change- 
over f rom an e l e c t r i c a l  generator vers ion  t o  a down-pole mechanical d r i v e  
connected t o  a churn. 
The Wind Furnace concept was entered i n t o  an R & D compet i t ion  which 
ERDA author ized t h e  A g r i c u l t u r a l  Research Serv ice t o  conduct f o r  wind sys- 
tems up t o  50 kW a s i z e  thought t o  be useful f o r  r u r a l  o r  i s o l a t e d  premises. 
A two year program s i zed  a t  $232,000 was proposed: an i n i t i a l  g ran t  o f  
$130,000 was made, fol lowed by a second years '  g rant  o f  $1 50,000. 
A p o l i c y  as t o  t h e  na ture  o f  t h i s  s i zeab le  experimental  system had 
t o  be es tab l ished.  The f i r s t  thought was t o  demonstrate i n  t h e  f i r s t  
model , r e a l  hardware a t  t h e  1 owest possi b l  e  system cos t .  On t h e  o the r  
hand, i t  was thought t o  be unwise t o  take  any chance o f  compromising the  
wind systems c a p a b i l i t y  by purchasing o r  b u i l d i n g  any th ing  t h a t  was o f  
marginal q u a l i t y ,  even though low i n  cos t .  There was a l s o  the  r e a l i z a -  
t i o n  t h a t  t h e  p a r t s  and pieces being designed a t  UMass were i n  most 
instances novel and would be t h e  f i r s t  product  o f  t h a t  na ture  produced 
by r e c e n t l y  graduated engineers, and t h e r e  was, t he re fo re ,  a need t o  be 
conserva t ive  w i t h  f a c t o r s  o f  s a f e t y  and design assumptions. The design 
process requ i red  a c a r e f u l  balancing o f  t h e  need t o  succeed w i t h  t h e  
f i r s t  o f  a brand new product  w i t h  t h e  need t o  keep cos ts  as low as poss ib le .  
The path ou t  o f  t h e  dilemma was t h a t  which was o r i g i n a l l y  proposed: 
i nsu re  t h a t  t h e  program scope was l a r g e  enough and timed so t h a t  each 
p a r t i c i p a n t  would produce two designs; t h e  f i r s t  one f o r  WF-1, then h i s  
own improved design f o r  a second generat ion machine. Support f o r  t h a t  
pa th  was not  forthcoming, however, so some o f  t h e  experienced design team 
members have gone on t h e i r  ways before  t h e i r  many e x c e l l e n t  design improve- 
ment ideas could be p laced on paper. WF-1 represents a cont inued compromise 
between those c o n f l i c t i n g  demands. Most o f  t h e  pa r t s  and t h e  raw m a t e r i a l s  
were purchased i n  very small l o t s  a t  r e t a i l  p r ices ,  and a1 1 of t h e  machinery 
and f a b r i c a t i n g  was f i r s t - t i m e ,  cus tom-bu i l t  work. 
The o r i g i n a l  Wind Furnace concept centered on t h a t  which could be done 
a t  a res idence by the  owner o f  t h a t  residence. As t h e  p r o j e c t  progressed 
however, i t  became apparent t h a t  m u l t i p l e s  o f  t h a t  machine, i n  v e r t i c a l  
p lanar  arrays,  might  do an e x c e l l e n t  j ob  f o r  m u l t i p l e  u n i t  dwe l l ings ,  
institutional buildings, shopping centers and small industrial/comnercial 
instal lat ions.  The concept of 3 ,  5, 10, 16 or even more windwheels, 
driving e i ther  e lec t r ic  generation or  Model-4 water-brake churns has been 
looked a t  in some de ta i l ,  and the concept appears t o  be sound. One advantage 
held by wind systems over the photo-thermal solar systems i s  th is  opportunity 
to  expand i n  vertical planes, and the higher they go, the richer t h i s  wind 
resource becomes. So, the Wind Furnace concept, on paper, has grown to  
mu1 t i p l e  unit systems, and by the work of Heronemus has grown to very large 
scale. The Urban Furnace concept i s  envisioned, wherein large urban areas 
would be supplied part of the i r  heating needs from large numbers of e l ec t r i -  
city-generating arrays of wind turbines located around the urban area, e i ther  
on land or af loat .  Dr. Lill jidahl of the U.S. Dept. of Agriculture has said 
t h a t  there are a t  leas t  3 million rural or isolated residential premises 
where the Wind Furnace concept might be applied. Our own analyses of the 
heating (alone) requirements of farms t e l l s  us that arrays of 3 to  10 wind 
systems could be appropriate on many farms. The Wind Furnace concept could 
be reduced t o  comrrercially available hardware in 18 to  24 months. The 
expected sales price could be such tha t  millions of units could be sold. 
The impact of 3 million Wind Furnace instal lat ions in the United States 
wodld exceed the petroleum-saving effect  of one hundred percent consumption 
of a l l  remaining natural U.S. uranium ore used in the LWR process. The 
impact of 3 million individually owned Wind Furnaces on the existing energy 
industry of th i s  country (and the World) would constitute a potential tha t  
could never be matched by governmental regulations of that  industry. 
3. The H a b i t a t  
---- 
When t h e  Wind Furnace P r o j e c t  was f i r s t  proposed t o  ERDA f o r  a d d i t i o n a l  
funding, i t  was thought t h a t  a  l a b o r a t o r y  space w i t h i n  t h e  School o f  Engin- 
e e r i n g  would be heated thereby .  Professor  Arr~bs po in ted  ou t  t h e  ex is tence 
of t h e  p r e f a b r i c a t e d  and y e t  unassembled energy conservant house designed 
and b u i l t  by Professor  C u r t i s  Johnson i n  t h e  Dept. o f  Food and A g r i c u l t u r a l  
Engineering. Nego t i a t i ons  between i n d i v i d u a l s ,  departments and schools lead  
t o  a  statement o f  w i l l i n g n e s s  i n  t h e  Col lege o f  Food and Natura l  Resources 
t o  j o i n  Engineer ing and c o n t r i b u t e  t h e  Johnson House f o r  a  pe r i od  o f  a t  
l e a s t  t h ree  years.  From the  d e c i s i o n  p o i n t  onward t h e r e  was complete and 
con t i nu ing  harmony i n  t he  j o i n t  e f f o r t ,  es tab l i shed  and main ta ined by t h e  
p r o j e c t  engineer and a  comprehensive s e t  o f  i n t e r f a c e  c o n t r o l  drawings 
es tab l  ished v i a  conferences and conversat ions,  The H a b i t a t  i s  i n  rea l  i ty  
more than t h e  Johnson Bu i l d i ng ,  however: i t  i s  a l s o  an overs ized  concre te  
basement l abo ra to ry ,  a  very  f i n e  s e t  o f  ins t rumenta t ion ,  an e x c e l l e n t  s i t e  
w i t h  improved grounds, and a  permanent l i n e  i t e m  i n  any f u t u r e  u n i v e r s i t y  
budget (perhaps). 
The h a b i t a t  b u i l d i n g  i t s e l f  has been descr ibed i n  g r e a t  d e t a i l  i n  
t h e  several  t echn i ca l  r e p o r t s  r e f e r r e d  a t  t h e  end o f  t h i s  sec t i on .  One 
major  f l a w  e x i s t s  i n  H a b i t a t  cons t ruc t i on ,  and t h e  method o f  c o r r e c t i o n  
i s  n o t  y e t  c l e a r .  The design c a l l e d  f o r  screened 1 ouvers a t  c e i l  i n g  
he igh t ,  a l l  around t h e  house, which cou ld  be opened i n  t h e  summer t o  
acqu i re  c r o s s - v e n t i l a t i o n .  For l a c k  of money, t hey  were n o t  b u i l t  i n  
t o  t h e  house and t h e i r  need has been s o r e l y  f e l t  d u r i n g  t h e  ho t  summer days 
o f  1977. None o f  t h e  windows i n  t h e  house can be opened f o r  v e n t i l a t i o n ,  
and v e n t i l a t i o n  through opened doors i s  inadequate. 
Few comments have been received t o  date regarding r e p l i c a t i o n  o f  the 
house. It was designed t o  be t ransportable i n  sections over the highway 
fo l low ing  fac to ry  construct ion, and i t  was designed s p e c i f i c a l l y  as a sub- 
s t i t u t e  f o r  the inadequately insu la ted mobile homes t h a t  comprise a la rge  
f r ac t i on  o f  today's house output. It i s  hoped t h a t  one o r  more companies 
w i l l  take ser ious ly  the many splended features o f  t h i s  ~ O I J S ~  and i t s  over- 
a l l  remarkable thermal propert ies,  and put  i t  i n t o  production. It would be 
i d e a l l y  su i ted f o r  Wind Furnace heating i f  b u i l t  and erected i n  i t s  o r i g i n a l  
conf igurat ion concept, a t imber house atop a t reated t imber foundation 
enclosing a crawl space. The required thermal storage and a small equipment 
space could eas i l y  be b u i l t  under the house i n  t h a t  crawl space, and the 
Wind Furnace could be erected c lose t o  the s t ruc tu re  as done i n  Amherst. 
4. The So lar  C o l l e c t o r ,  Thermal and Storage Systems 
The ex ten t  of t h e  s o l a r  c o l l e c t o r  system was decided q u i t e  a r b i t r a r i l y :  
how many square f e e t  o f  c o l l e c t o r ,  and i n  what u n i t  s ize ,  cou ld  be fastened 
t o  t h e  Johnson House w i t h o u t s p o i l i n g  i t s  appearance? Ten c o l l e c t o r  u n i t s  
of t h e  s i z e  being made i n  1975 by Dixon Energy Systems, Inc.,seemed t o  be 
e x a c t l y  co r rec t ,  t h e i r  pedigree was excel  l e n t  (based on ac tua l ,  c a r e f u l  
t e s t i n g )  and the  p r i c e  was r i g h t .  A  heat  exchanger, pumping system Rho- 
c o n t r o l  and t h e  necessary p i p i n g  were i n t e g r a t e d  and arranged so 
t h a t  t h e  c o l l e c t o r s  cou ld  d ischarge t h e i r  heated water t o  any o f  several  
s torage tanks. 
The v e r t i c a l  arrangement of t h e  c o l l e c t o r s  was chosen s imply t o  match 
t h e  home. A  complete new r o o f  l i n e  would have been requ i red  t o  p lace  t h e  
c o l l e c t o r s  on t h e  roo f ,  r e q u i r i n g  a  change i n  shape o f  t h e  house and consid- 
e r a b l e  expenditure. A  s lop ing  wa l l  t ype  a r ray  separated from t h e  house w a l l  
was considered, b u t  r e j e c t e d  because o f  added expense p lus  t h e  conc lus ion  
t h a t  t he  v e r t i c a l  o r i e n t a t i o n  was r e a l l y  n o t  t h a t  bad when maximized heat ing  
season i n p u t  was t h e  goal. A l l - i n - a l l  , the  s o l a r  c o l l e c t o r  system i s  a  
standard 1 i q u i d  ( a n t i - f  reeze) type system except f o r  t h e  added complexi ty  
of e x t r a  p i p i n g  and ins t rumenta t ion  requ i red .  
The h a b i t a t  was f i t t e d  w i t h  t h r e e  d i s t i n c t  heat ing  systems: 
(a)  baseboard convectors, arranged i n  t h r e e  zones, each w i t h  i t s  
thermostat  and pump. 
(b )  baseboard e l e c t r i c ,  arranged i n  t h r e e  equal e l e c t r i c  loads, sub- 
s t i t u t a b l e  by sw i t ch ing  from t h e  res i s tance  heat ing  elements 
immersed i n  t h e  l i q u i d  storage. 
(c )  per iphera l  - s l o t  h o t - a i r  heat ing w i t h  t h e  gas f i r e d  furnace 
blowing heated a i r  down under t h e  f l o o r ,  spreading i t  ou t  
toward t h e  s l o t  a l l  around t h e  per iphery o f  the  f l o o r .  
The t h i r d  system i s  the  one t h a t  was t o  have heated t h e  Johnson House 
and i s  now used as the  f o s s i l  fueled back-up o r  a u x i l i a r y  space heat ing 
system f o r  the  h a b i t a t .  
Baseboard e l e c t r i c  was i n s t a l l e d  t o  complete the  Model One Wind Furnace 
i n  which heat ing e l e c t r i c i t y  generated by t h e  wind t u r b i n e  i s  fed  d i r e c t l y  
i n t o  baseboard heaters whenever the  house wants heating. Th is  model was a t  
one t ime thought t o  be the  l e a s t  expensive t o  i n s t a l l ,  bu t  the  r a t h e r  
ser ious mismatch between a v a i l a b l e  wind and requ i red heat ing l e d  t o  i t s  
deemphasis and the p lac ing  o f  more f a i t h  i n  the  systems w i t h  storage. 
Baseboard convector heat ing i s  thought t o  be t h e  best  o f  t h e  heat ing 
systems when combined w i t h  reasonable thermal storage. 
Three d i f f e r e n t  schemes f o r  i n s u l a t i n g  and l i n i n g  t h e  concrete water 
storage tanks were t r i e d ,  and none was t r u l y  successful.  The one scheme 
f o r  waterproof ing a concrete tank by i n s t a l  l e d  troweled-on neoprene t o  the  
i n t e r i o r  proved a near d i sas te r :  the  task  o f  app ly ing t h e  mate r ia l  was 
very tedious and extreme sa fe ty  precautions were requ i red w h i l e  i t  was 
being done. I n  re t rospect ,  the  storage tanks should - n o t  have been cas t  
w i t h  one s ide  comnon w i t h  t h e  foundation, and a v i n y l  o r  o ther  f a b r i c  pool 
type of l i n e r  i n s i d e  b lock cons t ruc t ion  should probably have been used. I t  
has been not iced recen t l y  t h a t  an e x c e l l e n t  2000 ga l .  storage tank has been 
constructed from standard sheets o f  e x t e r i o r  grade plywood, 2 i n  x 4 i n  
lumber, a v i n y l  pool-type l i n e a r  and a wrapping o f  f i b e r g l a s s  i n s u l a t i o n  
(R) bats,  a l l  enclosed w i t h  an ex te rna l  sheath ing of  sheet rock  o r  Homasote . 
Unfor tunate ly ,  t h e  concrete w a l l s  of t h e  So la r  H a b i t a t  One storage tanks 
very e f f e c t i v e l y  conduct heat  t o  t h e  surrounding ear th .  
The i d e a l  thermal s torage may be one b u i l t  e s s e n t i a l l y  f ree-stand-  
i n g  i n  a  corr~partment ex te rna l  t o  t h e  basement, a  compartment which can 
be v e n t i l a t e d  t o  t h e  basement d u r i n g  t h e  hea t i ng  season, o r ,  v e n t i l a t e d  
outboard t o  t he  atmosphere d u r i n g  the  summer. 
I t  has been shown t h a t  vapor r i s i n g  from an open-top storage tank  
can be a  problem, and t h a t  t h e  thermal s torage t a l ?  t o p  should be 
e s s e n t i a l l y  vapor t i g h t .  It was a l s o  shown t h a t  Amherst water,  when 
a l lowed t o  s i t  f o r  a  few weeks i n  a  thermal s torage tank, would produce 
a  s u b s t a n t i a l  bloom o f  a lgae and o t h e r  heat  exchanger and pump c logg ing  
f l o r a .  C h l o r i n a t i o n  stopped t h a t  growth, b u t  when used t o  excess the  
c h l o r i n e  caused a  few o the r  problems. 
The s o l a r  c o l l e c t o r  system was c a r e f u l l y  instrumented and c a l i b r a t e d  
and i t  has performed very we1 1. 
The e n t i r e  H a b i t a t  was c a r e f u l l y  instrumented and a  s e r i e s  o f  t e s t s  
were performed t o  measure a l l  elements of heat  l o s s  from the  house. Those 
t e s t s  cor robora ted  C u r t i s  Johnson's design assumption: the  H a b i t a t  r e q u i r e s  
o n l y  about one-half t h e  heat ing  r e q u i r e d  by the  ASHRAE w e l l - i n s u l a t e d  
standard house. 
A  Fluke da ta  l ogg ing  system was obta ined w i t h  g r a n t  funds, and a  
new 1  eve1 o f  1  arge-scale da ta  c o l l  e c t i o n  and exper imentat ion was estab- 
l i s h e d  therewi th .  T h i s  system was energized f rom t h e  l o c a l  WMECO l i g h t -  
i n g  mains, and d u r i n g  a  pe r i od  of e l e c t r i c a l  storms i n  August, 1977, 
l i g h t n i n g  entered t h e  H a b i t a t  v i a  t he  e l e c t r i c  power mains and caused 
major damage t o  t h e  Fluke system. The wind t u r b i n e  generator was pro tec ted 
from l i g n t n i n g  s t r i k e s  a t  t h a t  t ime by i t s  l i g h t n i n g  rod system. 
The d e t a i l s  o f  t h e  nuliierous and conc lus ive  t e s t s  o f  thermal systems 
and t h e i r  design and f a b r i c a t i o n  are  g iven i n  t h e  publ ished techn ica l  
repo r t s .  
5. The Wind Machine 
5.0 General 
The words "wind machine" a r e  used here because t h i s  i s  n o t  o n l y  a 
"wind t u r b i n e  generator"  (WTG i n  ERDA par lance)  b u t  a l s o  a  wind t u r b i n e  
mechanical s h a f t  work d e l  i verer .  WTGE, f o r  wind t u r b i n e  generator /  
e l e c t r i c a l ,  and WTGM f o r  wind t u r b i n e  generator/mechanical  m igh t  be used, 
b u t  those a r e  no more app rop r i a te  than wind machine. 
T h i s  wind machine i s  o f  t h e  modern, high-speed p r o p e l l e r  t ype  f i t t e d  
w i t h  t h ree  blades, designed t o  operate a t  a  t ip -speed r a t i o  o f  7.5 and 
t o  achieve a  power c o e f f i c i e n t  o f  0.42 a t  des ign cond i t i on .  It i s  a  down 
wind machine w i t h  t e n  degree s t a t i c  b lade coning angles. The w indsha f t ' s  
r o t a t i o n ,  167 rpm a t  r a t e d  wind speed (26.1 mph) and wind wheel power 
(50 horsepower), i s  geared up by a  r a t i o  of 11 : 1 i n  two stages of speed 
increases,  so t h a t  t h e  genera tor  w i l l  t u r n  a t  1800 rprn a t  r a t e d  cond i t i ons .  
The second stage speed-up d r i v e s  a  three-phase synchronous genera tor  
which produces v a r i a b l e  vo l tage,  v a r i a b l e  frequency power between a  c u t - i n  
r o t a t i o n a l  speed o f  about  40 rprn and r a t e d  rpm. When t h e  wind v e l o c i t y  
exceeds 26.1 mph, t h e  machine i s  governed on rpm, be ing  a l  1  owed an upward 
excurs ion  t o  180 rprn by t h a t  governing. The governor ( p i t c h  c o n t r o l l e r )  
a d j u s t s  t h e  p i t c h  o f  t h e  blades t o  p revent  speeds i n  excess o f  180 rpm. 
That  same p i t c h  c o n t r o l l e r  a1 so holds the  b lade p i t c h  angle a t  40° when 
the  machine i s  s tand ing  i d l e  w a i t i n g  f o r  t h e  breeze t o  freshen. When 
t h e  wind reaches a  l i t t l e  over  6  mph and holds, o r  cont inues t o  r i s e ,  
t h e  windwheel w i l l  s t a r t ,  acce le ra te  t o  about 30 rpm, then t h e  blades 
p i t c h  q u i c k l y  t o  about -6O f o r  ope ra t i on  a t  maximum power c o e f f i c i e n t  
anywhere between 30 rprn and r a t e d  167 rpm. 
The wind machine, when d r i v i n g  a generator,  i s  protected from overload 
s t a l l - o u t  by a f i e l d  c o n t r o l l e r  which l i m i t s  the  generator output  power t o  
a value s l i g h t l y  below t h a t  which t h e  wind wheel i s  capable o f  e x t r a c t i n g  
from the  wind. When operat ing i n  t h e  mechanical churn mode (Mod 4), t he  
d r i ven  device w i l l  have a cube law power c h a r a c t e r i s t i c  o f  the  same shape 
as t h e  output  c h a r a c t e r i s t i c s  of the  wind wheel, so con t ro l  w i l l  be auto- 
mat ic  except f o r  s tar t -up and overload feather.  
The wind machine i s  s t a t i c a l l y  balanced about t h e  v e r t i c a l  a x i s  around 
which i t  yaws ( tu rns  i n  azimuth). The blades themselves serve as the  
machine's wind vane, and once s t a r t e d  t o  r o t a t e ,  they w i l l  p u l l  t he  machine 
q u i c k l y  t o  a down-wind p o s i t i o n  and t h e r e a f t e r  w i l l  f o l l o w  s h i f t s  i n  wind 
d i r e c t i o n  w i t h  ease. 
The machine s i t s  atop a s tee l  p ipe stayed-pole mast w i t h  t h e  r o t o r  a x i s  
65 f t  above ground. The four cable stays are preloaded i n  tension t o  pre- 
vent any one from going s lack  when o f f  wind. Th is  support system experiences 
one c r i t i c a l  speed (wind wheel -support system frequency resonance) between 
c u t - i n  and r a t e d  speed, b u t  has shown no unsa t i s fac to ry  motion a t  t h a t  speed. 
Because the stays were attached t o  the  po le  about 15 ft below the top, t h e  
upper p o r t i o n  o f  t h e  pole w i t h  the machine w i l l  move as a c a n t i l e v e r  system, 
and excursions can be seen under c e r t a i n  circumstances. No motion has been 
excessive. The machine i s  remarkably q u i e t  when opera t ing  a t  proper p i t c h  
se t t i ng .  The support system i s  free from noise o f  any detec tab le  type save 
the occasional c lank ing of the  safety c l imbing guide w i r e  t h a t  runs down 
the po le  t o  the bottom rungs. 
The wind machine i s  enclosed i n  a l a rge  f a i r e d  n a c e l l e  made from glass 
re in fo rced  p l a s t i c .  It provides no s t reng th  t o  t h e  wind machine except 
where i t  supports the  l i g h t n i n g  rod. The s i z e  and shape o f  t h e  nace l l e  
were s t r o n g l y  in f luenced by t h e  need f o r  t h e  machine t o  work i n  e i t h e r  t h e  
e l e c t r i c a l  generator  mode o r  i n  t h e  mechanical -shaf t  t o  ground Mod-4 mode. 
Despi te i t s  s i z e  and somewhat unusual shape, t he  n a c e l l e  does n o t  seem t o  
be ob jec t i onab le  i n  appearance, and i t s  s i zeab le  i n t e r i o r  has made top-o f -  
po le  maintenance excursions r a t h e r  pleasant.  A second model o f  t h i s  machine 
would have a  much smal le r  nace l l e .  The sp inner  p o r t i o n  o f  t h e  n a c e l l e  i s  
streamlined, i n  t h e  wrong d i r e c t i o n  from a  f l u i d  f l o w  p o i n t  o f  view, b u t  t h e  
shape seems t o  be appropr ia te  t o  t h e  eye. 
Tne e n t i r e  wind machine w i t h  blades and n a c e l l e  i n  p lace weighed 
2300 l b s .  H inds igh t  has suggested t h a t  a t  l e a s t  1000 o f  those pounds cou ld  
be shed i n  the  second model o f  t h e  same s i z e  machine. 
The blades were laminated from g lass  r e i n f o r c e d  p l a s t i c  and t h e  blade 
stocks o r  sp ind les  were then covered i n s i d e  and o u t  w i t h  s t e e l .  R o l l e r  
bear ing se ts  c a r r y  each of t h e  blades. The design c a l l e d  f o r  t he  aerodynamic 
ax is ,  c o n t r o l  a x i s  and mass a x i s  t o  be co inc ident ,  and t h i s  seems t o  have 
been achieved. The spar-stock o f  t he  blades i s  a  mono l i t h i c  l am ina t i on  and 
t h e  s k i n  i s  a  separate, vacuum bagged and squiegeed, h i g h  q u a l i t y  laminat ion.  
The c o n t r o l l e r s  a re  l oca ted  down i n  t h e  base.ment l abo ra to ry  t o  make them 
e a s i l y  access ib le  f o r  t h i s  experimental  program: i n  a  second model they  
would be loca ted up i n  t he  nace l le .  Space and b a l l a s t  weight  were a l so  a l -  
lowed i n  t h e  n a c e l l e  f o r  an a u x i l i a r y  power b a t t e r y  and a  charging system. 
Main power i s  c a r r i e d  across t h e  yaw a x i s  v i a  s l i p  r i n g s  and brushes. 
A l a r g e  number o f  ins t rumenta t ion  and c o n t r o l  s l i p  r ing-brush combinations 
were a l s o  prov ided i n  t h i s  f i r s t  model. A very l a r g e  g r a p h i t e  l i g h t n i n g  
rod brush i s  r i gged  t o  r i d e  on the  s t e e l  main frame, w ip ing  t h e  po le  matcher 
flange, p rov id ing  1  i g h t n i n g  rod  c o n t i n u i t y  t o  ground. 
The e n t i r e  machine was assembled i n  t h e  shop w i t h o u t  blades. Blades 
were e a r l i e r  assumed i n t o  the  hub, l y i n g  w i t h  i t s  w indshaf t  a x i s  v e r t i c a l ,  
and were then removed. The e n t i r e  machine was connected v i a  a  t o r s i o n  meter 
t o  t he  Power Take o f f  o f  a  l a r g e  t r a c t o r  d i e s e l  engine i n  t h e  l abo ra to ry ,  
r u n - i n  and ca l i b r ,a ted  f o r  mechanical and e l e c t r i c a l  losses.  An o v e r a l l  
mechan ica l -e lec t r i ca l  e f f i c i e n c y  o f  85%, between w indshaf t  and generator  
ou tpu t ,  was measured, rep roduc ib l y  - a  remarkable and welcome r e s u l t ,  excac t l y  
equal t o  t he  value assumed when the  design was s ta r ted .  
The e n t i r e  machine was r o l l e d  over  on i t s  s ide  and b o l t e d  t o  the  t o p  
f lange of  t h e  pole. The po le  and machine were then hinged up i n t o  the  a i r  
us ing  a  crane. I t  was o r i g i n a l l y  planned t o  design and b u i l d  a  telephone 
po le  A-frame l i f t i n g  r i g  which would have permi t ted  brawn power e r e c t i o n  o f  
t he  e n t i r e  system, b u t  resources and t ime d i d  n o t  pe rm i t  complet ion o f  t h a t  
subsystem. A very l a r g e  p o r t a b l e  s e r v i c i n g  p l a t f o r m  can be erec ted  a t  t h e  
po le  top, p iece  by piece, and has been used twice.  One cannot reach the  
p i t c h i n g  l inkages i n s i d e  the  sp inner  f rom t h a t  p l a t f o r m  however. I n  accord- 
ance w i t h  Murphy's Law, t h e  f i r s t  casua l t y  experienced by t h e  machine occurred 
i n s i d e  t h a t  sp inn ing  nace l le .  The Amherst F i r e  Department Hook and Ladder 
came t o  the  rescue, and the  loosened p iece was t i gh tened  back i n  p lace  i n  
s h o r t  order .  
5.1 The Support S t ruc tu re  
I t was decided t o  i n v e s t i g a t e  the  stayed po le  mast as w e l l  as th ree-  
legged and four- legged towers. Considerable i n t e r e s t  was taken i n  t he  
c e n t r i f u g a l  l y  cas t  concrete po le  ( s tay less )  support  se lec ted by Grumnan f o r  
t h e i r  f i r s t  Windstream ~ 5 ( ~ ) ,  b u t  the  c o s t  see~ued t o  be too g rea t .  
A search o f  the  l i t e r a t u r e  revealed very l i t t l e  p e r t a i n i n g  t o  the  
design, s t reng th  o r  s t a b i l i t y  o f  stayed pole masts. The U.S. Navy Design 
Data were ava i l ab le ,  b u t  t h a t  d i d  n o t  inc lude theory. I t  was decided t o  
take advantage o f  t h i s  oppor tun i t y  and b u i l d  the  po le  mast so t h a t  i t  cou ld  
be observed working i n  a  p e r f e c t  b a l l  and socket bottom end cond i t ion ,  then 
i n  a  pinned bottom end con f igu ra t i on .  The b a l l  and socket were q u i t e  ex- 
pensive, b u t  the r e s u l t i n g  c o n t r i b u t i o n  t o  the  l i t e r a t u r e  was worth it. 
From a  f e a r  t h a t  somehow o r  o t h e r  the  blades might  s p r i n g  back i n t o  the  
wind and f o u l  a stay, the  s tay  connect ion p o i n t  was ordered placed below 
the blade-swept c i r c l e .  The dec is ion  then c o n t r o l l e d  the  r e s t  o f  the design 
which became much heavier  and was charac ter ized by a  much lower f i r s t  mode 
na tu ra l  frequency than would have been the  case w i t h  the  stays c a r r i e d  a l l  
the  way t o  the  po le  top. From a  combination o f  aes the t i c  considerat ions and 
l i m i t a t i o n s  on space between the Hab i ta t  eaves and the  des i red  po le  l o c a t i o n  
( t h e  tunnel lead ing from the basement t o  the  center  of the  tower foundat ion 
was placed when the  house foundation was poured, long before the  support 
s t r u c t u r e  d e t a i l s  became f i n a l i z e d ,  a  r a t h e r  steep angle was se lec ted f o r  
the  guys. The appearance o f  the  r e s u l t i n g  geometry has been r u l e d  as 
"acceptable," "beaut i fu l , "  "statuesque," by observers, so those choices 
weren ' t  a l l  wrong. 
Ten inch  s t e e l  p ipe was used i n  considerable q u a n t i t y  f o r  stanchions 
as w e l l  as steam and water p i p i n g  i n  o l d e r  m i l l  bu i l d ings ,  and a  l a r g e  
supply a t  t en  cents pe r  pound was found i n  Quincy, Ma. I n  re t rospect ,  e i g h t  
i nch  p ipe  would probably have s u f f i c e d ,  b u t  t h a t  s t rong  f e a r  o f  f a i l u r e  
was p a r t i c u l a r l y  present  as the  support  s t r u c t u r e  was being designed. Very 
generous w i r e  rope stays were made up from standard commercial components, 
i n c l u d i n g  t u r n  buckles, c l e v i c e s  and r i n g s .  The s tays  were ca l cu la ted  t o  
a  thousandth o f  an i n c h  i n  length :  each p iece o f  t he  support  s t r u c t u r e  
went i n t o  p lace  w i t h o u t  any m i s f i t  o r  adjustment o f  any kind, a  f u l  f year  
a f t e r  a l l  pa r t s  were ava i l ab le .  Pretension was s e t  i n  each s tay  us ing  a  
torque wrench r i g ,  then t h e  t u r n  buckles were covered t o  p revent  undesired 
adjustments there to .  A r a t  guard was f i t t e d  twelve f e e t  above ground around 
the  po le  f o l l o w i n g  a  Saturday n i g h t  at tempt by a  hyperac t ive  uiidergraduate 
t o  c l imb  t o  the  top. 
Oversize deadweight anchors were c a s t  i n  forms, and the  r a t h e r  complica- 
t e d  c e n t r a l  foundat ion which had t o  s t r a d d l e  t h e  tunnel  l i k e  a  b r i dge  was 
c a s t  i n  place. 
A second model of t he  stayed po le  mast would extend t h e  attachment f o r  
t h e  s tays  a l l  t he  way t o  t h e  po le  top, use th ree  i ns tead  o f  f o u r  stays, 
have o n l y  one t u r n  buckle, use concrete dead-man anchors ins tead o f  dead- 
we igh t  anchors, and have a  s - i o p l i f i e d  c e n t r a l  foundat ion  and a  f i x e d  end o f  
po le  i n  t h a t  foundat ion.  E i g h t  i n c h  p ipe  would be used r a t h e r  than t e n  i nch  
p ipe,  and perhaps a  65 ft. Class I wood po le  would be used i f  we ight  comes 
down t o  1300 pounds and n a c e l l e  s i z e  comes down t o  60% t h e  diameter o f  t h a t  
o f  t he  f i r s t  model. The c o s t  of the  support  s t r u c t u r e  and i t s  i n s t a l l a t i o n  
must be reduced s i g n i f i c a n t l y  i n  a  p roduc t i on - l i ne  wind furnace. 
5.2 The Windwheel 
The windwheel was s t a r t e d  as an almost complete copy o f  t h a t  designed 
and b u i l t  by t he  Brace I n s t i t u t e  f o r  t h e  50 hp wind pumper t h a t  they oper- 
a ted a t  Barbados, except t h a t  i t  was decided e a r l y  on t h a t  a p i t c h  c o n t r o l l e d  
windwheel was wanted f o r  t he  f i r s t  UMass machine. One reason f o r  t h a t  de- 
c i s i o n  was t h e  problem t h a t  Oklahoma S ta te  U n i v e r s i t y  had w i t h  t he  Brace 
blades: they cou ld  n o t  g e t  them t o  s t a r t  up r e a d i l y  and smoothly, so they  
abandoned them and went back t o  t h e  mu l t i - b l aded  con f i gu ra t i on .  Another 
reason was a p r e l i m i n a r y  a n a l y s i s  which suggested t h a t  v i b r a t i o n  and exces- 
s i v e  no ise  cou ld  be experieficed w i t h  t h i s  k i n d  o f  .high-speed windwheel i f  
requ i red  t o  operate i n  a f i x e d  p i t c h  mode. The c o m p ~ l l i n a  reason, however, 
l i e s  i n  t h e  argument t h a t  one cou ld  always eva lua te  a c o n t r o l l e d  p i t c h  wind- 
wheel i n  a f i x e d  p i t c h  mode, b u t  one cou ld  i n  no way eva lua te  c o n t r o l l e d  p i t c h  
ope ra t i on  o f  a f i x e d  p i t c h  windwheel. The choice evoked cons iderab le  ERDA 
c r i t i c i s m ,  b u t  LlMass was pe rm i t t ed  t o  cont inue w i t h  t h i s  design. Experimental 
r e s u l t s  r e i n f o r c e  the  wisdom o f  t h a t  choice. 
E a r l y  i n  1972, l ong  be fore  Wilson and Lissaman publ ished t h e i r  aerodynamics 
r e p o r t ,  Stoddard s e t  up a computerized s t r i p  theory  ana l ys i s  f o r  blade per-  
formance based on h i s  e a r l i e r  h e l i c o p t e r  engineer ing experience. That  theory  
reproduced the  observed Brace I n s t i t u t e  experimental  r e s u l t s ,  so cons iderab le  
conf idence was f e l t  i n  t he  design. W i th in  another twe lve  months Stoddard and 
Edds, working i n  t he  wind tunnel  us ing  a 200 W ~ i n c h a r ~ e r ( ~ )  as a t e s t  device, 
were ab le  t o  again con f i rm  exper imenta l l y  those s t r i p  theory  methods and 
r e s u l t s .  L a t e r  Lefebvre re-conf irmed t h a t  theory  - and the  subsequent Wilson 
and Lissaman computer program, us ing  a f a m i l y  o f  smal l  blades, spec ia l  hubs 
and a small prony brake t e s t  r i g .  I t was du r i ng  the  Stoddard-Edds t e s t i n g  of 
t h e  Wincharger t h a t  t he  need f o r  t he  l oad  c o n t r o l l e r  was a l s o  demonstrated. 
the  s l i g h t e s t  b i t  o f  excess l oad  app l i ed  t o  t he  ope ra t i ng  Wincharger, l oad  
r e q u i r i n g  power i n  excess o f  t h a t  which the  windwheel cou ld  e x t r a c t  f rom 
t h e  oncoming wind, would s top  the  r o t o r .  
So t h e  shape and c h a r a c t e r i s t i c s  o f  t he  blades were se t .  Atwater  and 
Van Dusen l a i d  o u t  f u l l  sca le  sec t ions ,  and a  hol low,  mahogany veneer male 
master b lade w i t h  aluminum t r a i l i n g  edge was b u i l t ,  minus the  stock.  Stoddard 
then took over  the  job  o f  conceptua l i z ing ,  des ign ing  and b u i l d i n g  t o o l s ,  
molds and f i x t u r e s  i n  which blades cou ld  be produced. There were severa l  
f a l s e  s t a r t s  and the  Mark Swann account p a i d  f o r  cons iderab le  r e s i n  and g lass.  
Then the  ideas f e l l  toge ther  and th ree  good blades ( b u t  w i t h o u t  s tocks)  were 
produced. S tee l  s tocks  were designed and m a t e r i a l  purchased: b u t  t h e  de- 
s i g n  s imp ly  d i d n ' t  l o o k  r i g h t  even though i t  c a l c u l a t e d  w e l l .  Heronemus 
proposed a  concept f o r  making a  m o n o l i t h i c  spar-s tock,  laminate,  and a f t e r  
some cons iderab le  d iscuss ion ,  i t  was adopted. 
A  whole new s e t  o f  spar-s tock t o o l i n g  and assembly j i g g i n g  was r e -  
q u i  red, toge ther  w i t h  rubber  bag work t h a t  no one here had ever  done be fore ,  
and the  j o b  took on t h e  ominous fea tu res  o f  t h e  i n f i n i t e  s ink .  But  thanks 
t o  t h e  f o r t i t u d e  o f  Stoddard i t  was f i n a l l y  f u rn i shed  - the  Van Dusens, 
f a t h e r  and son, f u r n i s h i n g  a  major  a s s i s t  - and one day t h e  f i r s t  o f  f o u r  
new blades had been laminated and cured. It was a  t h i n g  o f  beauty, and 
th ree  more fo l lowed soon d e s p i t e  t he  exhaust ion o f  t h e  key man. Then t h e  
s t e e l  was app l i ed  t o  t he  stock, t h e  t r a i l i n g  edges were sealed and a  s e t  o f  
f o u r  blades were s t a t i c a l l y  balanced. Cromack took one and designed and 
executed a  c l a s s i c a l  s t a t i c  d e f l e c t i o n  t e s t :  observed r e s u l  t s  matched 
Van Dusen's p r e d i c t i o n s  w i t h  g r e a t  accuracy. Three blades and one spare were 
ready f o r  t he  windwheel hub and the  r e s t  o f  the  machine. 
Much was learned about aerodynamic theory,  about r e s i n s  and r e i n f o r c e -  
ments, and, sadly,  about how some o f  the  so l ven ts  and veh i c les  used i n  t h e  
l am ina t i ng  processes cou ld  cause severe s k i n  rash  and stomach d i so rde rs .  
A t  one c r i t i c a l  p o i n t  i n  t h i s  bas i c  ope ra t i on  i t  was commented t h a t  t h e  
major  i n g r e d i e n t  t h a t  went i n t o  those blades was " love"  : t h a t  comment w i l l  
never be fo rgo t ten .  They now f l a s h  through the  a i r  i n  sp lend id  beauty w i t h  
the  sun ab le  t o  c rea te  a t rans luscen t  amber c o l o r  as i t  shines through them. 
5.3 E l e c t r i c a l  Power and Contro l  
When the  design o f  t he  w indmi l l  was f i r s t  s t a r t e d  it was planned t o  pur-  
chase a war surp lus  h igh  speed ac generator  (400 Hz) and use a three-stage 
t ransmiss ion  t o  b r i n g  w indshaf t  speed up t o  about 5000 rpm. However, when 
t h e  generator  was ordered, t he re  was none remaining i n  s tock.  Then 
M r .  Russel l  Wolfe, Pres ident  o f  MKS Instruments, Inc. ,  o f f e r e d  t o  t r ade  a 
brand new LIMA ELECTRIC 33.1 kVA 1800 rpm th ree  phase s e l f  e x c i t e d  (SER) 
synchronous generator  f o r  ou r  f i r s t  t h ree  blades ( t h e  ones w i t h o u t  s tocks) .  
The o f f e r  was q u i c k l y  accepted, recognized as very  generous t o  UMass, and 
t h e  design o f  the  e l e c t r i c a l  power system was t i e d  square ly  t o  t h a t  machine. 
Michael Edds and D r .  Sheckels took over.  Very 1 i t t l e  cou ld  be found i n  the  
l i t e r a t u r e  p e r t a i n i n g  t o  t he  part-speed, par t - load ,  under-frequency charac- 
t e r i s t i c s  o f  a  th ree  phase synchronous generator.  The manufacturer cou ld  
supply  noth ing:  a synchronous generator  i s  supposed t o  be operated o n l y  
a t  synchronous speed! The new machine was s e t  up i n  t he  e l e c t r i c a l  machinery 
l ab ,  d r i v e n  by a 15 kW dc motor, and the  wea l th  o f  inst ruments and equipment 
a v a i l a b l e  i n  t h a t  l a b  were brought  t o  bear. Every th ing  t h a t  cou ld  be learned 
w i t h i n  the  1  i m i t a t i o n s  o f  the d r i v e  motor and ou tpu t  dyna~~iometer was learned: 
the  complete s e t  o f  r e s u l t s  cou ld  no t  be had u n t i l  t he  machine was d r i v e n  i n  
t he  d iese l  bench t e s t  r i g .  
It had been thought  t h a t  a  s tepping sw i t ch  type o f  l oad  c o n t r o l l e r  
would be requ i red  t o  prevent  over load ing  and s t a ! l i n g .  I t  was soon decided, 
t h a t  spare e l e c t r i c  water heater  elements could he purchased i n  an adequate 
v a r i e t y  o f  s i zes  t o  make such a  s e r i e s - p a r a l l e l  sw i tch ing  ope ra t i on  r a t h e r  
simple. But  more work suggested t h a t  a  f i x e d  l o a d  could be c o n t r o l l e d  w i t h  
a  r a t h e r  s imple f i e l d  c o n t r o l l e r  i n s e r t e d  i n t o  the  s e l f - e x c i t e d  f e a t u r e  o f  
the  machine, conve r t i ng  i t  e s s e n t i a l l y  i n t o  a  c o n t r o l l e d  e x t e r n a l l y  e x c i t e d  
machine. The analyses looked ve ry  good, and some experiments conf irmed t h e  
a n a l y t i c a l  r e s u l t s .  Dan Handman and Dr. Monopoli then ass i s ted  i n  t h e  design 
o f  t he  c o n t r o l l e r  theory,  converted t h a t  i n t o  a hardware design, and b u i l t  
t h e  c o n t r o l l e r  i n  t ime f o r  i t  t o  be tes ted  when t h e  machine was d r i v e n  by 
the  d i e s e l .  The r e s u l t a n t  f i e l d  c o n t r o l l e r  has worked extremely w e l l  s i nce  
i t s  f i r s t  run. 
The spare e l e c t r i c  water  heater  elements were i n t e g r a t e d  w i t h  p ip ing ,  
f langes,  gaskets and w i re ,  i n t o  th ree  i d e n t i c a l  heater  t r e e s  t h a t  could be 
immersed i n  any one o f  t h e  storage tanks. A t o t a l  o f  25 kW o f  heaters,  d i v i d e d  
evenly i n t o  th ree  i d e n t i c a l  sets, one f o r  each phase of t he  genera tor 's  ou t -  
put, were i n s t a l l  ed. L a t e r  on, a f t e r  the  designed capab i l  i t y  and over load 
c a p a b i l i t y  of t h e  g i f t  generator  were more f u l l y  understood, i t  was r e a l i z e d  
t h a t  as many as 35 kW of heaters might  s a f e l y  have been i n s t a l l e d .  
The baseboard e l e c t r i c  heaters were a l so  purchased, mod i f i ed  and i n -  
s t a l l e d  t o  present  t h e  same i d e n t i c a l  t h ree  res is tance loads t o  t h e  generator  
as presented by the  immersed heaters. 
The brushes, s l i p  r i n g s  and t h e i r  requ i red  i n s u l a t i o n  were a l l  ca lcu-  
l a t e d  and appropr ia te  components were purchased. The down-pole power w i r i n g  
and the  i n - l abo ra to ry  w i r i n g  was designed and i n s t a l l e d .  A b a t t e r y  back-up 
power system was i n s t a l l e d  f o r  a l l  c o n t r o l l e r s  and instruments, bu t  t h e i r  
pr imary power was taken from the  u t i l i t y  mains. Th i s  proved t o  be c o s t l y  
because l i g h t n i n g  entered the  inst ruments v i a  the  u t i l i t y  power connect ion 
and caused considerable and expensive damage. 
Two o t h e r  c o n t r o l l e r s  were requ i red :  t he  p i t c h  c o n t r o l l e r  and the  
Master Logic, and Handman designed, b u i l t  and tes ted  them. The f i r s t  p i t c h  
c o n t r o l l e r  was designed t o  c o n t r o l  on t i p  speed r a t i o .  I t  was i n i t i a l l y  
thought t h a t  a  p a t t e r n  o f  t i p  speed r a t i o  vary ing  between f i e l d  c u t - i n  wind 
speed and r a t e d  wind speed would be appropr ia te  t o  maximize p r o d u c t i v i t y .  
A f t e r  t h a t  c o n t r o l l e r  had been b u i l t  and packaged, i t was decided t h a t  
c o n t r o l  on r o t o r  rpm would be safer i n  the  c o n t r o l  reg ion  between r a t e d  wind 
speed and f u r l  i n g  wind speed ( c o n t r o l  Region 3 ) .  I t  was a l s o  decided t h a t  
one value o f  t i p  speed r a t i o ,  namely 7.5, should apply across t h e  e n t i r e  
wind speed spectrum between c u t - i n  and ra ted ,  and t h a t  c o n t r o l  on rpm would 
be simple f o r  Region 2 as w e l l .  For Region 1, s ta r t -up ,  i t  was decided t h a t  
t h e  windwheel should be standing a t  t h e  p i t c h  angle f o r  maximum torque co- 
e f f i c i e n t  whenever w a i t i n g  f o r  a  wind (40" P i t c h  Angle), and t h a t  t h e r e  should 
be no adjustment t o  p i t c h  u n t i l  the  windwheel had been ab le  t o  acqu i re  a 
c e r t a i n  amount o f  i n e r t i a ,  enough t o  w i ths tand t h e  counter  to rque associated 
w i t h  c u t t i n g  i n  t he  f i e l d .  Th is  c o n d i t i o n  was est imated t o  occur between 
30 and 40 rpm. Once t h a t  speed was reached, however, t he  p i t c h  c o n t r o l l e r  
should q u i c k l y  d r i v e  the  p i t c h  t o  i t s  va lue  f o r  optimum performance (-6" 
P i t c h  Angle) . 
This change i n  c o n t r o l  phi losophy requ i red  a  major r e b u i l d i n g  o f  the  
P i t c h  Contro l  I e r  - the  f i r s t  one was never r e a l l y  g iven a  f a i r  t e s t .  Handman 
took on t h e  redesign j o b  and b u i l t  the  bread board. The bread board was no t  
secure o r  reproduc ib le  enough t o  e n t r u s t  long-term automatic c o n t r o l  t o  it. 
I n  Ju l y ,  1977, the  completed and p r o p e r l y  packaged new P i t c h  Cont ro l  on RPM 
C o n t r o l l e r  was i n  place, automatic ope ra t i on  was resumed, and a l l  seems t o  
be w e l l .  A l l  major design parameters were b u i l t  i n t o  t h i s  newest c o n t r o l l e r  
i n  such a  way t h a t  adjustments i n  va lue can be made w i t h  tr immers. The rpm 
boundaries o f  t he  several c o n t r o l  reg ions  can be changed, c u t - i n  speed can be 
changed and f u r l i n g  speed can be changed. It has thus been poss ib le  t o  
eva lua te  a t  r e l a t i v e l y  l ow  wind speeds the  a b i l i t y  o f  t h e  c o n t r o l l e r  t o  pre- 
vent  a  h igh  wi nd-speed runaway. 
5.4 The Wind Furnace Mechanical Subsystems 
5.4.1 The Pole Matcher 
The Pole Matcher i s  t h a t  upward extension of t h e  support s t r u c t u r e  
about which t h e  e n t i r e  a l o f t  system r o t a t e s  i n  azimuth (yaws) and across which 
the  s l i p  r i n g s  and brushes prov ide  r o t a t a b l e  o r  s l i d i n g  c o n t i n u i t y  i n  t he  
e l e c t r i c a l  c i r c u i t s .  The po le  matcher i s  f i t t e d  w i t h  two bearings, a  tapered 
r o l l e r  bear ing a t  t h e  t o p  which c a r r i e s  t h e  e n t i r e  weight  of t h e  a l o f t  system 
w i t h  minimal f r i c t i o n ,  and t h e  s k i r t  bear ing a t  t h e  bottom, a  p l a s t i c  bear ing 
aga ins t  which t h e  main frame wipes o r  leans when i t  reac ts  t o  windwheel t r u s t  
o r  n a c e l l e  drag. Th i s  po le  matcher was made w i t h  a  very l a r g e  i n s i d e  d iameter  
so t h a t  a v e r t i c a l  l i n e  s h a f t  and un i ve rsa l  j o i n t ,  as we l l  as t h e  o f f s e t  
of the  hypoid p i n i o n  s h a f t  o f  t he  f i r s t  stage t rans~ i i i ss ion  cou ld  f i t  i n  the  
Mod 4 con f i gu ra t i on .  The s t e e l  p ipe  v e r t i c a l  case o f  the  po le  matcher was 
covered w i t h  laminated g lass  and epoxy r e s i n  i n t o  which stepped r i n g s  and 
m i l  l e d  s l o t s  were then machined t o  c a r r y  the  s l  i p  r i n g s  and t h e i r  lead w i res .  
When completed the  Pole Matcher was a very  subs tan t i a l  home-made s l i p  r i n g  
assembly. 
The s l i p  r i n g s  were t e d i o u s l y  niachined from a b i l l e t  o f  naval bear ing 
bronze. Commercial s l i p  r i n g s  o f  a s i z e  l a r g e  enough t o  f it ou ts ide  o f  t he  
very  l a r g e  diameter v e r t i c a l  p ipe  were a v a i l a b l e  o n l y  a t  p r o h i b i t i v e  cos t :  
b u t  the  home made s l i p  r i n g s  were n o t  inexpensive e i t h e r .  The s l i p  r i n g s  
are g ross l y  oversized: i t  was decided n o t  t o  "waste" t h e  m a t e r i a l  a1 ready 
pa id  f o r ,  and i t  was decided n o t  t o  take a chance on brazed and niachined 
copper base bands which would probably have been adequate a t  one-tenth the  
cost.  The machining was a work o f  p e r f e c t i o n  and the  brushes have always 
t racked w i t h o u t  f r i c t i o n  o r  wear. 
The brushes were purchased from a vendor complete w i t h  brush holders 
and p i g t a i l s .  The brush ho lders  were p r e s s - f i t  loca ted  i n  holes boared i n  
the  hand-made g lass  and epoxy brush ho lder  pans, then secured w i t h  a l i t t l e  
epoxy, and those subassemblies were b o l t e d  i n t o  the  openings l e f t  f o r  them 
i n  the  main frame. The e n t i r e  assembly r e s t i n g  on the  tapered r o l l e r  bear ing 
a t  the  top  of the  po le  matcher cou ld  be r o t a t e d  i n  yaw w i t h  a few ounces o f  
push on the  bow of t h e  nace l le .  A l a r g e  diameter spec ia l  n u t  holds the  
main frame down on the  po le  matcher, t h e  n u t  rubbing on a Bos Bronze washer. 
5.4.2 The Main Frame (Drawing p. 35) 
The Main Frame i s  a s imp le  box-beam s t e e l  foundat ion  welded from 
pieces of 3/16 i n .  t h i c k  s t e e l  p l a t e .  It was designed t o  w i ths tand t h e  
va r i ous  bending and shear loads which t h r u s t  and drag can impose on it. 
A l l  p a r t s  o f  i t  a re  very s t rong  compared a g a i n s t  need, and t h e  heavy s t e e l  
g ives  no i n d i c a t i o n  o f  d e f l e c t i o n  under any loading.  I t  was designed so t h a t  
t h e  main a x l e  housing,the r e a r  a x l e  assembly which prov ides  t h e  f i r s t  s tage 
speed-up cou ld  e f f e c t i v e l y  serve as t h e  t o p  f l a n g e  o f  t h e  beam. A second 
model o f  t he  Main Frame would c a l l  f o r  a  much l i g h t e r ,  l e s s  expensive b u t  
equal l y  s t i f f  s t r u c t u r e .  
5.4.3 The Hub and Windshaft (Drawing p. 36) 
A f t e r  cons iderab le  debate, p r i m a r i l y  because o f  p red i c ted  c o s t  and 
l a c k  o f  p o s i t i v e  knowledge o f  expected p i t c h i n g  moments, i t  was decided t o  
c a r r y  t h e  b lade s tocks  i n  p a i r s  o f  t o p - q u a l i t y  tapered r o l l e r  bear ings,  and 
t o  make those s tocks  a f u l l  i n c h  l a r g e r  i n  d iameter  than r e q u i r e d  by ca lcu-  
l a t i o n .  Experience has shown t h e  ample s tocks and bear ings t o  be b e a u t i f u l  
i n  s e r v i c e  b u t  f a r  more expensive than they  needed t o  be. Experience has 
a l s o  shown the  b lade p i t c h i n g  moments, i n c l u d i n g  those caused by f r i c t i o n  o f  
b lade s tock  i n  i t s  bear ings,  t o  be one order  o f  magnitude sma l l e r  than those 
f o r  which t h e  system was designed: Again, much l e s s  we igh t  and c o s t  would 
s u f f i c e  here. 
The hub i s  a machined s t e e l  weldment made f rom p ipe  and f l a t  p l a t e .  
It was machined and balanced t o  a h igh  degree. The t h r e e  b lade s tock  bear ing  
b a r r e l s  a r e  supported by gussets which a l s o  p rov ide  work ing sur faces f o r  
t he  p i t c h  changing mechanism. These b lade s tock  bear ing  b a r r e l s  l oad  on t o  


an a x i a l l y  arranged l e n g t h  o f  p i p e  which serves t o  t i e  t he  e n t i r e  s t r u c t u r e  
toge the r  and prov ides a x i a l  suppor t  and a l ignment  f o r  t he  p i t c h  changing 
l i nkage .  
There i s  one major d e f e c t  i n  t h i s  design which should n o t  be repeated. 
To save c o s t  o f  bear ings and t o o l i q g  i t  was decided t o  make the  i n n e r  and 
o u t e r  bear ing  on each s tock  o f  t he  same d iameter .  The r e s u l t  i s  a  r a t h e r  
l ong  p a r a l l e l  s tock  subassembly which must be fed i n t o  t h e  b a r r e l  w i t h  exac t  
a l ignment  o r  b ind ing  w i l l  occur.  Th i s  r e s u l t s  i n  ve ry  leng thy  per iods  o f  
t ime f o r  b lade i n s e r t i o n .  A smal le r  d iameter  i n n e r  bear ing  and stepped 
b o r i n g  cou ld  have prevented t h a t .  
The w indshaf t  i s  t he  wheel hub and a x l e  o f  t he  r e a r  a x l e  assembly o f  a  
one-ton t ruck .  A 5/8 i n .  d iameter  a x i a l  h o l e  was r i f l e  bored down t h e  s o f t  
cen te r  o f  t he  a x l e  t o  c a r r y  t h e  p i t c h  c o n t r o l l i n g  a x i a l  mot ion across t h e  
r o t a t i n g  windwheel t o  main frame boundary. Th i s  w indshaf t  was accepted a f t e r  
a  prolonged comparison between a  home-bui l t  two stage speed up d r i v e  and a  
d r i v e  whose f i r s t  stage i s  t h e  r e a r  a x l e  assembly runn ing  backwards. Econ- 
omics a t  t h a t  t ime c l e a r l y  favored t h e  r e a r  a x l e  assembly. It was recognized 
t h a t  t h e  a x l e  windshaft  would be t h e  weak p o i n t  i n  t he  e n t i r e  d r i v e ,  b u t  
a  f a c t o r  o f  sa fe ty  o f  2.4 was used on t h e  y i e l d  s t reng th  o f  a x l e  m a t e r i a l  
when loaded w i t h  t h e  r a t e d  power torque. T h i s  was accepted, however i n  l a t e r  
months t h e  s t reng th  ( o r  a l l eged  l a c k  o f  i t )  o f  t h a t  ho l low smal l  d iameter  
a x l e  became t h e  key element i n  a  l o s s  o f  nerve which kept  t h e  machine from 
ope ra t i ng  f o r  t h r e e  long  months. A second model windniachine would probably  
n o t  use an automotive r e a r  a x l e  assembly i n  i t s  d r i v e  t r a i n .  
5.4.4 The F i r s t  Stage Speed-Up Transmission (Drawings pgs. 39, 40) 
The r e a r  a x l e  assembly o f  a one ton  Ford t r u c k  was purchased and 
mod i f i ed  f o r  use as a 4.88 t o  1.0 r a t i o  speed-up i n  the  f i r s t  stage o f  t h e  
windmachine d r i v e .  It i s  d r i v e n  backwards f rom t h e  wheel t o  t h e  d i f f e r -  
e n t i a l  i n p u t  p i n i o n .  The d i f f e r e n t i a l  has been locked and t h e  o t h e r  a x l e  
and most o f  t h e  o the r  a x l e  housing removed. The r e t a i n e d  a x l e  housing i s  
clamped t o  the  t o p  o f  t he  main frame so t h a t  i t  i s  e f f e c t i v e  i n  s t r e n g t h  
and r i g i d i t y  o f  t h a t  s t r u c t u r a l  p a r t .  The p i n i o n  s h a f t  housing tube was 
modi f ied by the  a d d i t i o n  o f  a laminated and bonded epoxy and g lass  f l ange  
t o  which the  l ube  case o f  t he  second stage speed up fastens i n  a f l a t  
gasketed o i l - t i g h t  j o i n t .  That  f l ange  was b u i l t  somewhat h a s t i l y  and has 
p e r ~ i i i t t e d  some o i l  t o  l e a k  out.  The standard compression gasket between 
t h e  d i f f e r e n t i a l  housing and i t s  cover  p l a t e  has leaked r a t h e r  bad ly  and 
has requ i  red  rep1 acement . 
When t e s t e d  on the  d i e s e l  bench t e s t  r i g  t h i s  p a r t  o f  t h e  t ransmiss ion  
seemed t o  absorb about 7 hp o f  windshaf t  power a t  r a t e d  speed, a l l  o f  which 
has t o  be g iven  up as heat  l o s t  f i r s t  t o  t he  l u b r i c a n t ,  then t o  t h e  housing, 
t hen  t o  ambient a i r .  Out of concern f o r  t h i s  heat  and t h e  p o s s i b i l i t y  t h a t  
i t  m igh t  degrade t h e  d i f f e r e n t i a l  housing l u b r i c a t i o n ,  an a i r  i n l e t  scoop 
and d i r e c t i n g  duc t  were b u i l t  i n t o  t he  bottom of t h e  n a c e l l e  and o u t l e t s  
were c u t  i n t o  t h e  bulkhead between t h e  s t a t i o n a r y  n a c e l l e  and t h e  sp inn ing  
nace l l e .  
The run - i n  g iven  t o  t h e  system on the  bench t e s t  r i g  reduced markedly 
t h e  break-out  torque of t h e  t ransmiss ion.  It would appear t h a t  t h i s  run-  
i n  po l i shed  t h e  gears and faced up t h e  bear ings i n  a most s a t i s f a c t o r y  man- 
ner .  


A  machined s t e e l  tube, designed p r i m a r i l y  as a  housing and support f o r  
t h e  p i t c h i n g  d r i ve ,  was p r e s s - f i t t e d  i n t o  the  sawed-off end o f  t he  removed 
a x l e  housing, then secured t o  t h e  a x l e  housing wiw subs tan t i a l  t ack  welds. 
That  tube, a c t i n g  as an i n t e g r a l  p a r t  o f  the  a x l e  housing, completes t h e  
s t r u c t u r a l  f l ange  across t h e  t o p  o f  the  main frame. 
The brake drum, brake shoes and hydraul ic/mechanical a c t u a t i n g  mechanism 
were r e t a i n e d  on the  w indshaf t  end o f  the  r e a r  a x l e  housing and were used f o r  
awh i l e  as a  mechanical ly  actuated o r  c e n t r i f u g a l l y  t r i p p e d  spr ing-actuated 
brake. The sp r ing  load ing  system was n o t  q u i t e  ab le  t o  ho ld  t h e  shoes aga ins t  
the  drum t i g h t l y  enough t o  prevent  r o t a t i o n ,  so i t  was removed. Because t h i s  
"wheel" r o t a t e s  i n  t he  d i r e c t i o n  o f  backing-up i f  i n s t a l l e d  i n  a  t r u c k  as 
intended, t he  s t a r  wheel brake a d j u s t e r  s low ly  bu t  s u r e l y  t igh tened up t h e  
brake t o  the  p o i n t  where i t  f i n a l l y  stopped t h e  w indmi l l .  Th is  second 
casua l t y  t o  t he  heat ing  system was cor rec ted  a t  t h e  expense o f  c u t t i n g  an 
access ho le  i n  t h e  s t e e l  of t he  main frame. A t  t h a t  p o i n t  i t  had been demon- 
s t r a t e d  t h a t  t he  feathered windwheel would t u r n  no more than a  few degrees 
i n  a  very  s t rong wind, and even then i t  would r o t a t e  i n  a  very slow and 
e r r a t i c  mode, so t h e  e n t i r e  brake system was abandoned i n  favo r  o f  fea ther ing .  
The c e n t r i f u g a l  overspeed t r i p  mechanism was modi f ied  t o  t r i p  a  sw i t ch  which 
would ove r r i de  a l l  t he  c o n t r o l  s i gna ls  t o  t h e  p i t c h i n g  mechanism and cause 
i t  t o  d r i v e  the  blades t o  t h e  f u l l  f e a t h e r  stops. Reset from f u l l  f ea the r  i s  
poss ib le  o n l y  by c l imb ing  t h e  tower and r e s e t t i n g .  Th i s  f e a t u r e  was i n -  
corporated d e l i b e r a t e l y  i n  t h i s  experimental  machine t o  encourage a  thorough 
i nspec t i on  o f  circumstances fo l l ow ing  an emergency fea the r ing :  i t  would - n o t  
be t o l e r a t e d  i n  a  product ion  machine. Some experts  have decr ied  t h e  l a c k  
o f  a p o s i t i v e  brake, however WF-1 gets along w e l l  w i thou t  one. 
5.4.5 The Second Stage Speed-up Transmission (Drawing p. 43) 
The second stage speed up i s  a f a b r i c a t e d  s i l e n t  chain d r i v e  
contained i n s i d e  a sealed lube case which prov ides cont inuous splash l u b r i -  
c a t i o n  o f  the  sprockets, chain and the  outboard steady bearings housed i n s i d e  
t h a t  case. One outboard bear ing i s  f i t t e d  a t  t h e  p i n i o n  s h a f t  end and a 
bear ing i s  f i t t e d  on each s i d e  of t he  case a t  t he  generator  end w i t h  a f l e x -  
i b l e  coup l i ng  f i t t e d  between the  generator  s h a f t  and t h e  s h a f t  i n s i d e  the  
d r i v e n  sprocket  i n s i d e  t h e  lube case. Th is  d r i v e  was very generously s ized - 
i t  i s  perhaps tw ice  as s t rovg  as need be. It requ i red  p rec i se  al ignment 
be fore  i t  would t r a c k  we1 1. Once t h a t  a1 ignment was achieved and maintained 
i t  t racks  b e a u t i f u l l y  and q u i e t l y .  
The d i f f e r e n t i a l  p i n i o n  end presented the  most d i f f i c u l t  design and con- 
s t r u c t i o n  tasks because some p o s i t i v e  l u b  seal j o i n t  a t  t he  d i f f e r e n t i a l  
housing/ lube case boundary was requi red,  and a spec ia l  s p l i n e  had t o  be 
broached i n t o  t h e  s h o r t  s h a f t  extension t h a t  mates t o  the  p i n i o n  sha f t .  The 
c a r e f u l l y  machined s p l i n e  was severe ly  damaged a t  one p o i n t  and t h e  damage 
was n o t  discovered u n t i l  t h e  chain decided t o  growl and jump o f f  t h e  sprocket  
t ee th .  A new p a r t  and c a r e f u l  real ignment  removed t h a t  problem. The p i n i o n  
s h a f t  extension p ie rces  t h e  outboard face o f  t h e  l ube  case v i a  an o i l  seal 
t o  p rov ide  a d r i v e  f o r  t h e  c o n t r o l  tachometer. Th i s  c o n s t i t u t e s  a ' po ten t i a l  
l u b r i c a n t  leakage p o i n t  b u t  cou ld  n o t  be e a s i l y  avoided. 
The generator sha f t  was i s o l a t e d  from t h e  extension s h a f t  i n  t h e  lube 
case w i t h  a f l e x i b l e  coup l ing  s imply because t h e  generator  s h a f t  as rece ived 
had a ,005 i n c h  run  out,  and the  second stage cha in  d r i v e  would n o t  t o l e r a t e  

the r e s u l t i n g  wobble w i thou t  a growl. Thus two e x t r a  bearings were i n -  
s t a l l e d  a t  the  generator end. The lube case i s  made from sheet i r o n  welded 
a t  the corners, and i t  developed several t i n y  b u t  annoying leaks i n  those 
welds a f t e r  th ree months' operat ion.  They were closed by peening. There i s  
a s i g h t  g lass i n  the lube case, a f i l l i n g  hole and a d r a i n  hole.  
The lube case and second stage speed up are c a r r i e d  s t r u c t u r a l l y  on 
pedestal foundations t h a t  reach outward from the  l e f t  s ide  o f  t he  main frame 
weldment. The i r  l o c a t i o n  was es tab l ished by the  shape o f  the r e a r  ax le  
ass~2mbly d i f f e r e n t i a l  housing and i t s  p i n i o n  s h a f t  end determined the  h a l f -  
breadth o f  the  surrounding nace l le .  Even though the  nace l l e  was d e l i b e r a t e l y  
made e l l i p t i c a l  t o  accomodate t h a t  l a r g e  h a l f  breadth, t h a t  dimension had 
a c o n t r o l l i n g  i n f l uence  on t h e  shape and s ize ,  thus weight and cost ,  o f  the 
nace l le .  I n  a second model wind machine, two stages o f  home-buil t speed-up 
t ransmission o r  one commercial s h i f t - l i n e  speed reducer run  backwards would 
r e l i e v e  t h a t  dimension markedly and r e s u l t  i n  a much smal le r  and l e s s  ex- 
pensive nacel 1 e . 
5.4.6 The P i t c h  Linkages (Drawing p. 45) 
The p i t c h  c o n t r o l l e r  causes a d.c. d r i v e  motor t o  r o t a t e ,  and i t s  
speed o f  r o t a t i o n  i s  p ropor t i ona l  t o  the  sensed p i t c h  e r r o r .  That motor 
d r i v e s  through a commercial worm and wheel speed reducer i n t o  a b a l l - n u t  
home-bui l t  l i n e a r  actuator .  A p i t c h i n g  rod i s  moved f o r e  and a f t  t o  change 
p i t c h .  That a x i a l  f o r c e  i s  app l ied  forward i n  t h e  spinner nace l le ,  v i a  a 
r o t a r y  j o i n t  and a three-armed cross head, t o  th ree  s l i d i n g  cars, each of 
which i s  fastened t o  the l i n k s  o f  a l i n k  chain. Each blade s tock  has 
fastened t o  i t  a chain sprocket on which a p i t c h i n g  chain mates, and the  

closed loop o f  chain i d l e s  around a  tens ion-ad jus t ing  i d l e r  sprocket c a r r i e d  
on an excen t r i c  bear ing a t  t he  f a r  end o f  t h e  hub standpipe member. Fore 
and a f t  motion o f  t he  b a l l - n u t  mani fests i t s e l f  as r o t a t i o n  i n  p i t c h  o f  a l l  
t h r e e  blades. A mechan ica l -e lec t r ica l  feedback on the  b a l l - n u t  ac tuator  
reduces the  p i t c h  sequel e r r o r  as p i t c h  angle i s  created, reducing the  speed 
of p i t c h  changing and f i n a l l y  n u l l i n g  o u t  the  con t ro l  s igna l  when zero e r r o r  
i s  measured. Th is  system may sound complicated and expensive and i n  a  sense 
i t  i s .  I t  would c e r t a i n l y  be s i m p l i f i e d  d ramat i ca l l y  i n  the  second model 
b u t  it works b e a u t i f u l l y ,  r e l i a b l y  and accomplishes exac t l y  t h a t  which must 
be done. Two casua l t i es  have been experienced i n  it: 
(a )  the  specia l  l o c k i n g  n u t  a t  t he  f a r  end o f  t he  a x i a l  push-pul l  rod  
worked loose and p i t c h  c o n t r o l  was l o s t .  As s ta ted  e a r l i e r ,  t h a t  
p a r t  o f  t he  mechanism i s  - n o t  accessib le from the  tower s e r v i c i n g  
p lat form, so f a i l u r e  t h e r e  was pre-destined. When re t igh tened 
t h a t  nu t  was secured i n a  t o  date s a t i s f a c t o r y  manner. 
(b )  t he  o i l  seal i n  the  worm-wheel speed reducer was g radua l l y  worn 
t o  the  p o i n t  where i t  became t w i s t e d  and dragged on the  s h a f t  so 
severely t h a t  the  device motor could n o t  overcome it. A new o i l  
seal and r e p a i r  j o b  solved t h a t  problem. 
I f  there  i s  any inadequacy remaining i n  t h i s  p i t c h i n g  mechanism, i t  might  
be the  l a c k  of secondary c e n t r i f u g a l l y  thrown weights a t  the  b lade stocks 
capable of ove rd r i v ing  the  e n t i r e  p i t c h i n g  mechanism i n  t h e  event of a  r u n  
away, thus b r i n g i n g  each blade t o  feather. It i s  c l e a r l y  es tab l ished t h a t  
a  f u l l y  feathered windwheel w i l l  n o t  r o t a t e :  t h e  most r e l i a b l e  p r o t e c t i o n  
aga ins t  an overspeed casua l ty  would thus be an o v e r r i d i n g  p i t c h i n g  d r i v e  
fastened d i r e c t l y  t o  each blade. The second model o f  t h e  wind machine 
would incorpora te  such a  fea ture .  
5.4.7 The Yaw Damper (Drawing p. 48) 
I n  the  e a r l y  stages o f  t he  design i t  was decided t o  i nco rpo ra te  o n l y  a  
very simple w iper  type yaw damper between t h e  po le  matcher and the  main 
frame, probably sp r ing  loaded. As the  design progressed i t  was decided t o  
i n s t a l l  a  v a r i a b l e  damping yaw damper us ing  a  second d.c. motor i d e n t i c a l  
t o  t h a t  i n s t a l l e d  i n  t h e  p i t c h i n g  d r i v e .  The yaw damper i s  a  cha in  and 
sprocket  speed-increaser which d r i v e s  t h a t  d.c. machine as a  generator.  The 
l oad  placed across t h e  generator  t e rm ina l s  determines the  r a t e  a t  which t h e  
machine can yaw thus g i v i n g  c o n t r o l  over  t he  yawing moment, and prevent ing  
s t r u c t u r a l  f a i l u r e  i n  t h e  windshaf t .  The yaw damper works w e l l ,  b u t  has been 
the source o f  a  number o f  small b u t  aggravat ing casua l t i es .  Because i t had 
t o  be crammed i n t o  l e f t - o v e r  space o f  an undesi rable shape, t he  chains r e -  
q u i r e  tensioners which d o n ' t  work as w e l l  as desi red.  Perhaps t h e  major 
problem associated w i t h  t h i s  yaw damper r e l a t e s  t o  the  ho le  c u t  i n  t he  main 
frame t o  pe rm i t  i t s  i n s t a l l a t i o n .  A t i g h t  enclosure had been created around 
the  s l  i p - r i n g  and brush asse~r~b ly  t o  prevent f o u l i n g  o f  those c r i t i c a l  
surfaces. The yaw damper opening has permi t ted  leaked l u b r i c a n t  t o  f o u l  
the  s l i p - r i n g s  and brushes. A second model would be f i t t e d  w i t h  a  yaw damper 
t h a t  does n o t  v i o l a t e  t h e  enclosure around brushes and s l i p - r i n g s .  
5.4.8 The Model Four Wind Furnace 
The Wind Furnace has n o t  y e t  been operated i n  t h e  mechanical churn 
(Model Four) c o n f i g u r a t i o n  and probably w i l l  n o t  be u n t i l  data have been 

c o l l e c t e d  f o r  a t  l e a s t  one f u l l  heat ing season. Because the  Model Four i s  
f e l t  t o  have g rea t  p o t e n t i a l  f o r  reducing the  i n s t a l l e d  c o s t  o f  product ion-  
1 i n e  wind furnaces, a r a t h e r  lengthy  progress r e p o r t  on it i s  inc luded here 
i n  t h i s  f i n a l  repo r t .  
The second year o f  the  Wind Furnace P r o j e c t  came t o  an end w i t h  the  
Model Four P r o j e c t  p a r t i a l  l y  completed, and agreement t h a t  i t s  complet ion 
would extend i n t o  the  t h i r d  year.  The Model Four i s  the  Wind Furnace con- 
f i g u r a t i o n  i n  which wind s h a f t  mechanical work i s  de l i ve red  t o  a r o t a t i n g  
device i n  which t h a t  energy i s  expended v i a  f r i c t i o n a l  and momentum exchange 
t o  heat a c i r c u l a t i n g  f l u i d .  The heated f l u i d  then t r a n s f e r s  i t s  warmth t o  
the  contents o f  a low temperature thermal storage from which space heat ing 
baseboard c i  r c u l  a t i  ng water i s  drawn. 
Several home-bui l t  churns o f  the  paddle-wheel and r o t a t i n g  d i s c  were 
designed, and conversat ions were held w i t h  ENERCON o f  Long I s l a n d  i n v e s t i -  
ga t i ng  the  f e a s i b i l i t y  o f  t h e i r  heat generat ing hys te res i s  c l u t c h  i n  the  
churn r o l e .  It was concluded i n  October, 1976, t h a t  t h i s  churn could be a 
very simple, inexpensive device, o f  a waterbrake nature, and t h a t  the  i n -  
dus t r y  probably could provide the  device o f f - t he -she l f .  A research o f  the  
companies l i s t e d  i n  the  Thomas Register  as s e l l e r s  o f  waterbrakes was very 
d isappo in t ing ,  however: they are  makers, w i thou t  exception, o f  h i g h - q u a l i t y  
energy measuring systems, and none was the  l e a s t  b i t  i n t e r e s t e d  i n  producing 
a simple machine w i t h  no attached instrumentat ion.  A t  t h a t  t ime, however, 
A l l  American Engineering o f  Wilmington, Delaware, stepped forward t o  o f f e r  
t h e i r  "Water Twister," a waterbrake designed t o  absorb s h o r t  bu rs ts  o f  energy 
i n  such i n s t a l l a t i o n  as end-of-runway emergency a i r c r a f t  ca tch ing systems. 
A l l  American de l i ve red  a  12 i n .  d ia~i i .  device on loan and i t  was agreed 
t h a t  t he  UMass program would then concentrate on t e s t i n g  o f  Water Twis ters  
f o r  synthesis  o f  such machines i n t o  compet i t i ve  wind power systems. 
Three vers ions o f  Water Tw is te r  type Model Four Systems were then 
def ined f o r  d e t a i l e d  ana lys i s :  
( 1 )  Mod 4, Version A:  t h e  o r i g i n a l  UMass concept, i n  which mech- 
an i ca l  s h a f t  would be brought down from t h e  Windshaft, i n t o  
So lar  H a b i t a t  I ,  t o  d r i v e  a  Water Twis ter  l oca ted  and immersed 
i n  the  smal l  (500 g a l l o n )  i nne r  concrete tank. 
( 2 )  Mod 4, Version B :  i n  t h i s  vers ion  the  r o t a t i n g  waterbrake 
("Water T w i s t e r " )  i s  loca ted  i n  t h e  wind machine nace l le ,  es- 
s e n t i a l l y  t a k i n g  the  p lace o f  t he  generator,  b u t  r e q u i r i n g  a  
l e s s  expensive speed-up d r i v e  from t h e  windshaf t .  The heated 
f l u i d  crosses t h e  wind machine yaw a x i s  v i a  a  r o t a r y  f l u i d  coup l ing  
and f lows down and up the  pole (supply and r e t u r n )  i n  i nsu la ted  
concen t r i c  p l a s t i c  pipe, t o  a  heat  exchanger immersed i n  the  
storage tank. The heat t r a n s f e r  f l u i d  system w i l l  be f i l l e d  w i t h  
an appropr ia te  g lyco l -water  a n t i f r e e z e  s o l u t i o n .  A cornmercially 
ava i  1  ab le  doubl e-passage r o t a r y  f l u i d  coup1 i n g  , which w i t h  mod- 
i f i c a t i o n  can serve t h i s  purpose, has been found. 
( 3 )  Mod 4, Version C:  i n  t h i s  vers ion  the  r o t a t i n g  waterbrake 
("Water Tw is te r " )  i s  loca ted  a t  t he  t o p  o f  t h e  pole, f i x e d  t o  t h e  
pole, so t h a t  t he  windmachine yaws around the  i n p u t  shaf t .  Th i s  
obv ia tes  t h e  need f o r  t he  r o t a r y  j o i n t  b u t  c rea tes  a  need f o r  yaw 
d r i v e :  t h e  r e s u l t i n g  t rade -o f f  t o  be s tud ied  i s  obvious. The r e s t  
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of the  f l u i d  c i r c u i t  i s  e s s e n t i a l l y  the  saliie as t h a t  f o r  Version B. 
The choice between the  thermal. losses through the  up-down p o l e  f l u i d  
c i r c u i t  and the  mechanical losses i n  a  down-pole mechanical d r i v e  have been 
inves t iga ted  and the re  i s  no compel 1  i n g  advantage t o  e i t h e r  system. I t  i s  
the re fo re  planned t o  t e s t  each i n  ac tua l  hardware, us ing a  dummy po le  erected 
j u s t  ou ts ide  the  l abo ra to ry  i n  which the  "Water Twis ter "  i s  being d r i v e n  by 
the  d iese l  t e s t  r i g .  Ava i l ab le  ins t rumenta t ion  app l ied  t o  two complete se ts  
o f  hardware, Version A versus Version B/C, w i l l  permi t  experimental p roo f  o f  
the  a n a l y t i c a l  comparison. 
Results t o  Date: As o f  the  end of  Ju ly ,  1977, the  experimental program had 
reached the  p o i n t  where usefu l  p re l im ina ry  r e s u l t s  were a v a i l a b l e  as f o l l o w s :  
( a )  The d i e s e l  t e s t  r i g  had been p u t  back i n t o  f i r s t - r a t e  opera t ing  
cond i t ion ,  t he  12 inch  "Water Twis ter "  had been i n s t a l l e d  i n  an 
appropr ia te  t e s t  r i g ,  and a  complete f l u i d  heat  removal system had 
been b u i l t ,  i n s t a l  l e d  and instrumented. (Photo o f  Model 4  t e s t  
arrangement shown on next  page.) 
(b )  The 12 inch  "Water Twis ter "  was shown t o  absorb 42 horsepower 
a t  865 rpm. 
( c )  The losses between "windshaf tn (d iese l  P.T.O.) and Water Twis ter  
i n p u t  sha f t ,  f o r  t h i s  t e s t  r i g  (which simulates very accu ra te l y  
the  planned conversion o f  Wind Furnace One t o  t h e  Model Four Con- 
f i g u r a t i o n ) ,  were shown t o  be o f  the  order  o f  7  horsepower, l o s t  
from bearings and gearing. 
MOD-4 TEST ARRANGEMENT 
(d )  The automobile type thermostat i n s t a l l e d  i n  the  Water Twis ter  
o u t l e t  d i d  a good job  o f  r e t a i n i n g  the  heat removal f l u i d  i n  
the  Water Twis ter  u n t i l  i t  reached a temperature o f  185-190 F, 
a t  which p o i n t  t he  f l u i d  would f l o w  i n t o  the  heat removal system. 
(e )  The Power versus RPM curve o f  the  Water Tw is te r  i s  cubic:  matching 
t o  a windshaf t  w i l l  be simple r e q u i r i n g  no c o n t r o l s  a t  a l l  o t h e r  
than those wanted by the  windmachine t o  (a)  a s s i s t  i n  low-wind 
s ta r t -up  and (b )  reduce t h r u s t  and bending moment on blades i n  
h igh  winds by fea the r ing  the  blades. 
5.4.9 Plans f o r  Continuing Work 
The e n t i r e  Model Four p r o j e c t  f o r  the  per iod  1 January 1977 
through 31 August 1978 has been se t  down i n  d e t a i l ,  a copy o f  which fo l lows.  
MODEL FOUR - PROJECT PLAN 
1. The Tasks: 
1. Evaluate t h e  Water Tw is te r  (25 hp) on t h e  d iese l  t e s t  r i g .  
2. Evaluate exper imenta l ly  t h e  thernial. losses t o  be expected from 
t h e  f l u i d  c i r c u i t  f o r  an a l o f t  Water Twister .  
3. Evaluate exper imenta l ly  t h e  power losses t o  be expected f rom 
a v e r t i c a l  l i n e  s h a f t  capable o f  d r i v i n g  an on-ground Water Twister .  
4. Eva1 uate t h e  Water Tw is te r  (50 hp) on t h e  d i e s e l  t e s t  r i g .  
5. Conceptualize a  1  east-cost  flodel Four Wind Furnace. 
Note: If the  50 hp Water Tw is te r  i s  received before  Task 1  i s  completed, 
then Task 4 should be moved up i n t o  t h e  second spot  (i.e., be 
renumbered Task 2, and Tasks 2 and 3 should be renumbered as 
Tasks 3 and 4 respec t i ve l y .  
2. Task 1 : Evaluate the  Water Twister (25 hp) on the diesel  t e s t  r i g .  
1.01 Complete the  diesel  lube-oil pump modification. 
1.02 Assenible 1 ube o i l  system. 
1.03 Complete the diesel  exhaust system. 
1.04 Test operate the d iese l .  
1.05 Calibrate the torsionmeter. 
Obtain Strobotac. 
Design the Water Twister t e s t  frame. 
Build the Water Twister t e s t  frame. 
Design the Water Twister thermal insulation cover. 
Obtain materials.  Build insulation.  
Complete the  Water Twister Test Piping Diagram. Size a l l  
pipes, a l l  components. (Both 50 h p  and 25 hp devices a r e  t o  
be tes ted . )  
Prepare Bill of Material fo r  a l l  parts of the  Piping System. 
Prepare Pi ping Arrangement Plan. 
Obtain a1 1 par ts  required f o r  Piping System. 
1.15 Prepare Instrumentation Plan. 
1.16 Ident i fy ,  1 i s t ,  a1 1 instrumentation required. Identify 
source f o r  a1 1 items, purchased and  borrowed. 
1.17 Insure t h a t  Piping Arrangement Plan and Thermal Cover Plan 
interface properly with Instrumentation Plan. 
1.18 Obtain Instrumentation. 
1.19 Design Duct Work and F i  t t i  ngs fo r  Through-Wi ndow Exhaust 
System. 
1.20 Prepare Wiring Diagram f o r  e l e c t r i c  devices f o r  t e s t  r i g .  
1.21 ver i fy  w i t h  E lec t r ica l  Technician tha t  required e l e c t r i c i t y  
can be provided. 
1.22 prepare l i s t  of electric material required. Purchase. 
1.23 Build the Piping System. 
1.24 Build the Instrumentation System. 
1.25 Prepare Instrumentation Cal 1 bration concept. Cal i brate 
the tes t  rig instrumentation. 
1.26 Set-to-work, groom, tes t  and tune the completed tes t  rig. 
1.27 Prepare 25 h p  Water Twister Test and Evaluation Plan. 
1.28 Conduct 25 h p  Water Twister Test Program. 
1.29 Obtain a t  least three high-quality 8x10 glossy b/w 
photographs of the tes t  rig. 
3.  Task 2:  Evaluate Experimental l y  the  Thermal Losses t o  be Expected 
from the Fluid Circui t  of an Aloft Water Twister 
2.01 Review the design of a Version B Model Four appropriate fo r  
a 50 h p  Water Twister located a l o f t  iq a I#-1. Verify pipe 
s i ze s ,  pipe mater ia ls ,  l n s u l a t i ~ n  concept, insulat ion 
materials  and deta i  1s. 
2.02 Using r e su l t s  of Task 1.28 and Task 4. , decide the  flow 
r a t e  best  sui ted t o  Version B, Model Four, and the  pumping 
and the piping appropriate t o  the concept. 
2.03 Conceptualize a t e s t  r i g  t h a t  will  simulate t h i s  version of 
the Model Four such t h a t  thermal losses in the f l u id  
c i r c u i t  can ac tua l ly  be evaluated. Use the diesel  driven 
50 hp Water Twister as  the  f l u id  heating device, and 
arrange the f l u id  c i r c u i t  t o  be outdoors, ve r t i ca l ,  exposed 
t o  weather and wind much the  way i t  w i  11 be exposed in service .  
2.04 Design the  Version B Model Four t e s t  r ig .  
2.05 Detail the support s t ruc tu re  required f o r  the Version B 
Model Four t e s t  r i g .  
2.06 Prepare the Instrumentation Plan fo r  this experiment. 
2.07 Prepare the Piping Arrangement Plan, Version B Model Four 
Experiment. Include a "Working" swivel jo in t .  
2.08 Prepare the Electr ical  Wiring Plan, Version B Model Four 
Experiment. 
2.09 Prepare the Instrumentation Cal i bration Concept, Version B 
Model Four Experiment. 
2.10 Prepare the Version B Model Four Eva1 uation Plan. 
2.11 L i s t  and i d e n t i f y  source, a l l  ins t rumenta t ion  requ i red  f o r  
Version B Model Four Evaluat ion.  
2.12 Purchase mate r ia l  , b u i l d  support s t r u c t u r e  o f  2.05. 
2.13 Purchase mate r ia l ,  complete t h e  w i r i n g  o f  2.08. 
2.14 Purchase mate r ia l  , bui  1  d  t h e  p i  p ing  system requ i red  f o r  
2.07. 
2.15 Assemble t h e  e n t i r e  t e s t  r i g ,  set-to-work, t e s t  and tune. 
2.16 Conduct t h e  Version B Model Four Evaluat ion. 
2.17 Obtain a t  l e a s t  th ree h igh  q u a l i t y  8x10 g lossy b/w photographs 
o f  t h i s  t e s t  r i g .  
4. Task 3: Eva lua te  Expe r imen ta l l y  t h e  Power Losses t o  be Expected From 
a V e r t i c a l  L i n e  S h a f t  Capable o f  D r i v i n g  an On-Ground Water 
T w i s t e r  
3.01 Review t h e  des ign  o f  a  Vers ion  A Model Four a p p r o p r i a t e  f o r  
a  50 hp Water T w i s t e r  l o c a t e d  on t h e  ground beneath a WF-1. 
V e r i f y  s i z e s  and d e t a i l s  o f  a1 1 mechanlcql p a r t s .  
Conceptual ize a t e s t  r i g  a p p r o p r i a t e  t o  the e v a l u a t i o n  o f  
l i n e  s h a f t  losses  i n  a NF Mod 4 Vers ion A Conf igura t ion .  
Prepare t h e  Vers ion  A Model Four Eva lua t i on  Plan. 
Design t h e  50 hp Vers ion  A Model Four Mechanical Dr ive ,  t o  f i t :  
( a )  i n s i d e  a 10 in.  d iameter  s tandard s t e e l  p ipe ,  and 
(b )  i n s i d e  an 11 in. i n s i d e  d iameter  ho l l ow  wood p o l e  
S e l e c t  a l l  t h e  mechanical  p a r t s .  Prepare a complete B i l l  
o f  Ma te r i  a1 . 
Purchase the  m a t e r i a l  f o r  one compl e t e  mechanical d r i v e  pe r  
3.04. 
Design t h e  suppor t  s t r u c t u r e  p o r t i o n  o f  3.02. 
Purchase t h e  ma te r i  a1 f o r  one suppor t  s t r u c t u r e .  
B u i l d  and e r e c t  t h e  suppor t  s t r u c t u r e  f o r  t h e  Vers ion  A 
Model Four experiment.  
Assemble t h e  t e s t  r i g .  
Design t h e  i n s t r u ~ n e n t a t i o n  a p p r o p r i a t e  t o  t h i s  Vers ion A 
Model Four experiment.  
L i s t  t h e  source and a v a i l a b i l i t y  of each ins t rument  requ i red .  
Obta in  i n s t r u m e n t a t i o n  n o t  a v a i l a b l e  on loan.  
Prepare an I ns t rumen ta t i on  C a l i b r a t i o n  Concept f o r  t h e  Vers ion  
A Model Four experiment.  
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3.14 Calibrate instrumentation. 
3.15 Perform the experiment. Collect and analyze data. Publish 
results. 
\ 5. Task 4: 
4.01 
4.02 
Eva lua te  t h e  Water T w i s t e r  (50 hp) on t h e  D iese l  Tes t  R i q  
Remove t h e  25 hp Water T w i s t e r  f rom the  t e s t  r i g .  
Design a l l  p a r t s  needed t o  change f rom 25 hp t o  50 hp 
Water Tw is te r .  
Mod i f y  t h e  r i g  as necessary t o  c a r r y  t h e  50 hp Water Tw is te r .  
I n s t a l l  t h e  50 hp Water T w i s t e r .  Set- to-work t e s t  and tune. 
Prepare a 50 hp Water T w i s t e r  Eva lua t i on  Plan. 
Recal i b r a t e  I ns t rumen ta t i on .  
Conduct e v a l u a t i o n  o f  50 hp Water Tw is te r .  C o l l e c t  da ta ,  
ana lyze  r e s u l t s ,  p u b l i s h .  
4.08 Prepare concept  drawing f o r  optimum 50 hp Water T w i s t e r  
Wind Furnace. 
6. Task 5: Conceptualize a teast-Cost Model Four Wind Furnace 
5.01  valuate the  resu l t s  of  Tasks 1 through 4. Prepare an 
eva luat ion matr ix .  Decide what the most, cos t -e f f ec t i ve  
Model . Four W i  nd Furnace Configurat ion would be based on those 
res u l  t s  . . . 
5.02 Conceptualize the reenforced concrete center wind furnace 
support foundation and storage tank combination sketched 
i n  1976. l n j e c t  t h a t  concept' i n t o  the above matr ix .  Again 
decide the most cost -e f fec t ive  rou te  t o  fol low. 
5.03 Prepare a pre l iminary  design and spec i f i ca t ion  f o r  the 
selected optimal Model Four Wind Furnace. 
5.5 Wind Furnace Drawings and B i l l s  o f  Ma te r ia l  
A complete se t  o f  page s i z e  reduct ions o f  t he  working drawings 
and a complete B i l l  o f  Ma te r ia l  (Model Four excluded) has been issued 
as a techn ica l  r e p o r t  WF-TR-77-10. The drawings a re  the  ones from 
which Wind Furnace One was b u i l t  and assembled. Unfor tunate ly  the  
verbal d iscussion t h a t  a~co~vpan ied  each of  the  drawings w i t h i n  the  
shops i s  missing. A v a l i a n t  attempt was made t o  d i s c i p l i n e  the  l a r g e  
group o f  eager young engineers (and undergraduates) who p a r t i c i p a t e d  
i n  t h i s  program t o  produce corr~plete and accurate drawings from which 
journeymen mechanics cou ld  work. Enthusiasm and a t i g h t  schedule upon 
occasion over rode t h a t  d i s c i p l i n e .  Considerable q u i e t  p leasure has 
been taken, however, from t h e  f a c t  t h a t  t he  rudiments o f  d ra f t i ng ,  
machine shop, carpenter  shop, welding shop and p l a s t i c  shop p rac t i ces ,  
and some s k i l l s  i n  c a r r y i n g  on a meaningful d ia logue w i t h  a r t i f i c e r s  
were i n s t i l l e d  i n  those young men. Very few o f  them had any drawing 
course; more had a machine design course. The i r  a b i l i t y  t o  c o n t r i b u t e  
t o  the  product ion o f  an engineer ing hardware p r o j e c t  w i t h i n  a few hours 
of s t a r t i n g  t h e  task  i s  a t r i b u t e  t o  t h e i r  i n d i v i d u a l  competence and 
w i  1 1 i ngness . 
5.6 Dynamic Analys is  
A t  t he  s t a r t  o f  t h e  program the  greates t  concern about undes i rab le  
dynamic c h a r a c t e r i s t i c s  o f  the  wind machine was fear t h a t  e i t h e r  wind- 
wheel frequency o r  blade frequency would l i e  too  c lose  t o  support 
s t r u c t u r e  na tu ra l  frequency and t h a t  t he  spr ing iness  of t he  guys might 
permi t  unacceptable v i b r a t i o n  o f  t he  machine atop t h e  tower. It was 
poss ib le  t o  assure freedom from t h a t  type of problem before  s t r u c t u r a l  
support ma te r i a l  was ordered. It was accepted, however, t h a t  t he  system 
would pass through one c r i t i c a l  speed (about 85 rpm windhweel r o t a -  
t i o n a l  speed) on t h e  way f rom stopped t o  r a t e d  speed. Using h inds igh t ,  
t h a t  compromise cou ld  have been avoided had t h e  s tay  attachment p o i n t  
been moved as few as two f e e t  up t h e  pole, o r ,  had s o l i d  round bars 
been used f o r  s tays  r a t h e r  than t h e  se lec ted  w i r e  rope. It does appear 
t h a t  t h e r e  i s  no problem i n  cross-coupl ing between windwheel and sup- 
p o r t  system. 
The second area of concern was created by t h e  windshear experiment 
a t  Plum Brook. The need f o r  harmony between swept diameter s i z e  and 
machine a x i s  he igh t  had been f e l t  almost I n t u i t i v e l y  when t h e  Wind Furnace 
1 p r i n c i p a l  dimensions were s e t  ... b u t  i n  a sense, t h e  32.5 ft, d i a .  had 
been es tab l ished l ong  before ac tua l  a x i s  he igh t  was se t .  The combinat ion 
o f  a 32.5 i t .  d i a .  a t  a 62 ft. a x i s  he igh t  makes windshear dy- 
namic l oad ing  i n s i g n i f i c a n t .  
The t h i r d  area o f  concern w i t h  dynamic response o f  t h e  system o r  
subsystems r e s u l t e d  i n  a harsh lesson f o r  t h e  research team. A f a c t o r  
o f  sa fe t y  o f  2.4 on y i e l d  s t r e n g t h  of t h e  windshaf t  a t  ra ted  power and 
speed (50 hp @ 26.1 rnph) had been accepted a1 b e i t  r e l u c t a n t l y  when t h e  
dec i s ion  was made t o  proceed w i t h  t h e m e t o n  t r u c k  r e a r  a x l e  assembly. 
That a x l e  remained a source o f  uneasiness t o  t h e  p r i n c i p a l  i n v e s t i g a t o r .  
I n  1 a t e  summer 1976 one ~iien~ber of t h e  p r o j e c t  team heard a p r e l i m i n a r y  
presenta t ion  by a w e l l - q u a l i f i e d  aerodynamicst who p red i c ted  a to rque 
sp i ke  m u l t i p l i c a t i o n  f a c t o r  as h igh  as 9.0 i n  t h e  event o f  severe gust  
load ing  on a windmachine t i e d  e l e c t r i c a l l y  i n  synchronism w i t h  a power 
g r i d .  What k ind  o f  a  torque spike might the  Wind Furnace-1 experience 
i n  a  gust  when feeding i t s  connected res is tance load? I t  had been 
planned f o r  some t ime t o  inc lude a  d e t a i l e d  ana lys is  o f  t h i s  type i n  
the  program: indeed, support had been provided f o r  one team member t o  
do a  learned doctora l  d i  s s e r t a t i o n  analyz ing a1 1  poss ib le  aerodynamic 
e x c i t a t i o n s  and loadings on the  system, from moving a i r  p a r t i c l e s  t o  
the  end o f  any dynamic chain; bu t  t h a t  work simply could no t  be 
speeded up t o  g i v e  quick, complete answers t o  t h e  quest ion t h a t  had 
been ra ised.  So th ree  o the r  members o f  the  research team working 
under the  rev iewing eyes o f  f a c u l t y  undertook a  quick analys is .  T h e i ; ~  
u l t i m a t e  r e s u l t s  were e x c e l l e n t  b u t  n o t  quick. The c r i t i c a l  heat ing  
season, October t o  mid January was l o s t ,  t he  w indmi l l  s i t t i n g  i d l e ,  
w a i t i n g  f o r  r e s u l t s .  F i n a l l y  i n  l a t e  January, 1977 the  p r i n c i p a l  
i n v e s t i g a t o r  d i r e c t e d  t h a t  t he  machine operate, t h a t  t h e  2.4 f a c t o r  o f  
sa fe ty  appeared t o  be adequate. 
It may s t i l l  be shown t h a t  gust load ing could break the  main d r i v e  
o f  Wind Furnace-1 when the  d e f i n i t i v e  analyses o f  t he  s i t u a t i o n  has 
been completed. I n  the  meantime a t  l e a s t  some members o f  t h e  p r o j e c t  
team may have learned t h a t  engineering ana lys is  i n  r e a l  l i f e  i s  on l y  a  
means t o  an end, n o t  an end i n  i t s e l f ,  and t h a t  a  good engineering 
manager can count himself  lucky  if he i s  ab le  t o  muster o n l y  80 t o  90 
percent of t he  f a c t s  t h a t  he r e a l l y  wants before he has t o  make a  de- 
c i s ion .  
Two major techn ica l  repo r t s  on the  dynamic c h a r a c t e r i s t i c s  o f  
Wind Furnace-1 and on p r o p e l l e r  type windmachines i n  general a re  s t i l l  
i n  preparat ion:  they can not  y e t  be referenced here i n  the  p r o j e c t ' s  
f i n a l  r e p o r t .  
5.7 Wind Data C o l l e c t i o n  and P r o d u c t i v i t y  Ana lys is  
The 1971-1973 s tud ies  o f  windpower systems by Heronemus had l e d  
t o  t h e  c o n v i c t i o n  t h a t  computer aided ana lys i s  and design would be o n l y  
as va luab le  as t h e  qua1 i t y  and ex ten t  o f  wind data a p p l i c a b l e  t o  t h a t  
s i t e  and he igh t .  Without r e l i a b l e ,  p e r t i n e n t  data crude approximations 
o f  p r o d u c t i v i t y  were j u s t  as accurate as r e s u l t s  o f  soph is t i ca ted  computer 
analyses. The Orchard H i l l  s i t e  f o r  Wind Furnace One was se lec ted  w i thou t  
p r i o r  ana lys i s  of e i t h e r  good wind data o r  i n s o l a t i o n  data:  i t  was hoped 
t h a t  i n te res ted  p a r t i e s ,  p rospect ive  customers, might  be g iven much more 
c r e d i b l e  c o s t  p r e d i c t i o n s  f o r  o the r  s i t e s  i n  t h e  reg ion .  A number o f  
a.c. and d.c. powered reco rd ing  anemometers were s e t  up a  s t a t i o n s  
ranging from Mount Equinox and Grassy Brook V i l l a g e  i n  Vermont t o  Barnstable 
Harbor on Cape Cod. Some o f  t h e  inst ruments were prov ided by others,  w i t h  
a  UMass commitment t o  read and analyze t h e  tapes. Arrangements were made 
f o r  students t o  read some tapes and v i s u a l l y  ass ign hou r l y  averages w h i l e  
o the r  tapes were sent t o  an ou ts ide  company f o r  d i g i t i z i n g  ( t h e  UMass 
Computer Center d i d  no t  have such equipment). 
Some usefu l  resu l  t s  were obta ined from those instruments. Other 
data o f  va lue  were obtained f rom t h e  data banks a t  Brookhaven 
Nat ional  Laboratory and from two d i f f e r e n t  se ts  o f  inst ruments loca ted 
on Mount Tom, Holyoke, Mass. Those data were i n  aggregate usefu l  enough 
t o  p rov ide  experimental  v e r i f i c a t i o n s  o f  some p r o d u c t i v i t y  ana lys i s  
models, and a l so  have prov ided guidance as t o  wind system f e a s i b i l i t y  i n  
the region. I t  has been determined, for example, that :  
( a )  Wind systems on Mount Equinox would be very productive, 
very economic, particularly in the heating mode during the 
heating season, whereas wind systems a t  Grassy Brook Village 
would have t o  be placed quite high up  in the a i r  t o  be 
reasonably productive., 
( b )  Wind energy available over Mount Tom, in the h i l l s  on the 
West Bank of the Connecticut River in Leyden and on the shoreline 
a t  Cape Cod would be very productive. The winds atop Mount Tom 
a t  an elevation of about 700 f t .  above the adjacent broad 
valley floor are particularly energetic. On the otherhand, 
winds a t  Northfield on the East Bank of the Connecticut 
and  a t  Montague and a t  Amherst are n o t  very energetic. 
This part of the project was in a sense unique in the USERDA Wind 
Energy Program because i t  was conducted as an integral part of a mission 
oriented system project. I t  will not be continued as  part of the Wind 
Furnace project b u t  may be continued as part of a much larger national 
wind resource assessment program. The usefulness of productivity pre- 
dictions for a region, a neighborhood a n d  for a specific s i t e  t o  aid 
commercialization of the Wind Furnace should not  be forgotten. I t  i s  
hoped that th is  small UMASS ef for t  might be integrated into the much 
larger E R D A  program b u t  t h a t  the results from a l l  of the larger programs 
be as useful as possible to prospective system purchasers. 
5.8 I n t e r f a c e  Management 
I n te r faces  between t h e  windmachine system, t h e  f l a t  p l a t e  c o l l e c t o r  
system, t h e  thermal s torage subsystem, t h e  Hab i ta t  and i t s  basement 
l a b o r a t o r y  and t h e  Orchard H i l l  s i t e  were i d e n t i f i e d  c a r e f u l l y  near t h e  
beginning o f  t he  p r o j e c t  and p a r t i a l l y  documented. That incomplete 
attempt a t  i n t e r f a c e  management seems t o  have been adequate, though 
n o t  complete, because a1 1 i n te r faces  have been matched r a t h e r  g r a c e f u l l y  
as the  p r o j e c t  progressed. Th is  technique served as an e x c e l l e n t  
secondary purpose: four  f a c u l t y  members, who were somewhat suspic ious 
o f  t h e  s c h o l a r l y  competence of each o ther ,  were brought together  o f t e n  
enough and requ i red  t o  speak t o  t h e  same agenda o f t e n  enough t h a t  they 
were ab le  t o  d iscover  some common ground and mutual respect .  A common 
schedule of events, a master t e s t  program and 'sequence, and a combined 
and shar ing approach toward ins t rumenta t ion  needs and problems were 
a l s o  by-products o f  i n t e r f a c e  management e f f o r t s .  
5.9 P r o j e c t  Coordinat ion and Management 
Th i s  p r o j e c t  was s t a r t e d  as an academic research e f f o r t  funded 
by g i f t s .  A l l  o f  t he  basics of t he  academic environment were i nco r -  
porated from t h e  beginning - the  con t i nu ing  search f o r  t r u t h  and 
l e a r n i n g  i n  t he  process were placed f a r  ahead of complet ion o f  a hard- 
ware system by a c e r t a i n  date. Indeed t h e r e  was l i t t l e  prospect  du r ing  
t h e  f i r s t  two years t h a t  a system would ever be completed i f  o n l y  f o r  
l a c k  o f  resources. When complet ion o f  t h e  p r o j e c t  was proposed t o  
USERDA, i t  was proposed as t h e  complet ion o f  an academic p r o j e c t ,  and 
t h e  p r i n c i p a l  i n v e s t i g a t o r  had t o  propose a schedule and s p e c i f i c  
tasks  t o  be accomplished w i t h i n  t h a t  schedule. That was done knowing 
f u l l  we1 1  t h a t  t he  p r i n c i p a l  i n v e s t i g a t o r  would never, personal l y ,  
be ab le  t o  compensate f o r  slow performance on t h e  p a r t  o f  any member 
o f  t he  team. So, i n  a  very r e a l  sense, t h e  proposed schedule was 
not  found i n  t r u t h .  
USERDA, through D r .  L i l l  j idah l  o f  t he  A g r i c u l t u r a l  Research Ser- 
v ice,  had no mandate t o  support academic research when they awarded 
t h e  f i r s t  and the  second y e a r ' s  con t rac t  t o  UMass. They took t h e  r i s k  
and accepted the  f a c t  t h a t  t h e  preponderance o f  t h e i r  money was going 
t o  support graduate education, f i r s t ,  and t o  c rea te  a  Wind Furnace 
System, second. The p a r t i c i p a n t s  i n  t h i s  work w i l l  be fo reve r  g r a t e f u l  
t o  USERDA and t o  ARS f o r  s t r e t c h i n g  a  p o i n t  and using t h e i r  funds t o  
support education. 
The p a r t i c i p a n t s  i n  t h e  p r o j e c t  d i d  t r y  t o  meet t h e  schedule. The 
budget was met simply because the re  i s  no way w i t h i n  t h e  academic r e -  
search system t o  i n c u r  an overrun, and ha rd l y  any chance t h a t  money 
a v a i l a b l e  w i l l  no t  be spent. 
Management p rac t i ces  were those poss ib le  i n  the  academic research 
mode. The work t o  be accomplished was d iv ided,  indeed i n  some cases 
'c reated ' ,  t o  match the exper t i se  o f  t h e  p a r t i c i p a t i n g  f a c u l t y  and 
students. The essent ia l  goals of each p a r t  were described i n  terms 
o f  the  l a y e r  o r  group goal of designing, bu i l d ing ,  e rec t i ng  and t e s t i n g  
a  complete system. Weekly progress meetings were he ld  - something q u i t e  
f o r e i g n  t o  the  academic mode. The argument and haggl ing t h a t  charac- 
t e r i z e  a  hea l thy  educational system had t o  be t o l e r a t e d  but  dec is ions  
had t o  be made f a i r l y  e a r l y  on by t h e  p r i n c i p a l  i n v e s t i g a t o r  and then 
enforced t o  t h e  best  o f  h i s  a b i l i t y .  
The major burden of coord inat ing  f i s c a l  con t r i bu t i ons  from d i f -  
fe rent  schools, i npu ts  from t h e  Physical P l a n t  Department, t h e  work 
of the outs ide  cont rac tors  w i t h  t h e  core  design and f a b r i c a t i o n  work 
f e l l  on the  shoulders o f  t h e  P ro jec t  Manager, D r .  Duane Cromack. 
It was a  f u l l - t i m e  e f f o r t  t o  c reate  t h a t  complete l abo ra to ry  a t  Orchard 
H i l l ,  an e f f o r t  abso lu te ly  essent ia l  t o  any poss ib le  success o f  t h i s  
p ro jec t ,  and accompl ished w i t h  s k i  11 and perserverance. 
For tunate ly  the re  was some r e a l  t a l e n t  a v a i l a b l e  w i t h i n  t h e  School 
of Engineering shops, i n  t h e  persons o f  seven o the r  departmental 
technic ians,  and r e s i d i n g  i n  t h e  Secretary o f  t h e  p r i n c i p a l  i n v e s t i g a t o r ' s  
department. And t h a t  t a l e n t  was given w i l l i n g l y .  It i s  proper t o  say 
t h a t  t he  design o f  every p iece o f  t h a t  windmachine was f i n a l l y  de ter -  
mined and s e t t l e d  by Professor Costa, manager o f  t he  School o f  Engineering 
Shops, always tuned p r e c i s e l y  t o  what could be done w i t h  a v a i l a b l e  
ma te r ia l s  and t o o l s ,  and always done w i t h  p rec i s ion  r e s u l t s .  
The schedule was n o t  met. The Wind Furnace s t a r t e d  operat ing s i x  
months a f t e r  i t  was t o  have operated: s i x  months i n  24 i s  no t  a  record  
o f  which t o  be too  proud. A l l  t h a t  can be sa id  t o  seek comfort i s  
t h a t  when i t  d i d  work, i t  worked b e a u t i f u l l y ,  and it continues t o  work 
b e a u t i f u l l y .  
Much could be sa id  about t h e  d e t a i l s  o f  management, o r  l a c k  there-  
o f .  Perhaps a  few comments a re  p e r t i n e n t  i n  case anyone ever reads 
t h i s  b i t  of h i s t o r y  seeking guidance as t o  whether o r  n o t  s i m i l a r  
p r o j e c t s  should be attempted i n  t h e  academic research mode. 
(a) The tasks requ i red  d e t a i l e d  s ~ ~ b d i v i s i o n  o f  e f f o r t  and 
agreement on nature  of work and amount o f  support be fore  
anything was s ta r ted .  I t  was i n  r e a l i t y  a whole package 
o f  " b e s t - e f f o r t s  subcontracts" w i t h  a l a r g e  number o f  i n d i -  
v iduals.  There was no oppor tun i ty  t o  r e d i r e c t  resources once 
a yea r ' s  e f f o r t  had begun. 
(b )  The p r i n c i p a l  performers were newly graduated engineers 
w i thout  p r a c t i c i n g  experience ( the  graduate research ass is -  
t an ts ) .  GRA's are  capable o f  accompl i s h i n g  i n c r e d i b l e  
aniounts o f  work and producing outstanding r e s u l t s .  A t  t imes 
they are l i t e r a l l y  slaves t o  t h e  des i res  of t h e i r  major 
professors. Th is  s i t u a t i o n  e x i s t s  r i g h t  up t o  t h e  p o i n t  
where the  next  day 's  homework problems, i n  someone e l s e ' s  
course, must be s tar ted .  Then t h e  major professor becomes 
the  slave, because academic excellence, scho la r l y  performance 
on the  p a r t  o f  a l l  p a r t i c i p a n t s  must be paramount. Some task  
master professor whose course i s  being taken by a number o f  t he  
GRA's working on a p r o j e c t  can l i t e r a l l y  wipe ou t  t h e  p r o j e c t  
w i t h  homework assignments ( t h i s  happened tw ice  dur ing  t h e  
course o f  t h i s  p ro jec t ,  and t h e  professor responsib le n e i t h e r  
knew o r  cared). GRA's are a t h e l e t i c  types: one s k i i n g  
accident  can s e t  back a p r o j e c t  2 t o  3 months. 
( c )  Professors sometime tend toward an i n d i v i d u a l i s t ' s  out look 
on l i f e ;  b r i ng ing  t e n  f a c u l t y  from f i v e  d i f f e r e n t  departments 
together  i n  a m i  ss ion-or iented research p r o j e c t  and expect ing 
them a1 1 t o  t r e a t  the planned path w i thou t  some wide ex- 
curs ions takes a l i t t l e  doing. It i s  the op in ion  o f  the 
p r i n c i p a l  i n v e s t i g a t o r  t h a t  t h i s  team exh ib i ted  an unusual 
loyalty to the common cause. Unfortunately their  efforts 
were not hailed by their  more independent col leagues, in 
some instances. Future joint effort may well be impossible 
unless such joint efforts are given formal recogiiition as 
worthy scholarly efforts.  
( d )  The administrative aim of the university, purc'lasing, accoun- 
t i  ng,  etc. , gave excel lent service to the project. The 
mechanism which exists i s  well structured to  serve many large 
projects like this  one. 
(e )  I t  i s  questionable that this principal investigator would be 
wi 11 i ng to undertake another simi 1 ar  hardware-produci ng project 
within the academic environment. When al l  the pluses and 
minuses are balanced out, the drain-down in physical and 
emoti onal stami na requi red of one, perhaps two, i ndi vi dual s , 
i s  too great. 
6. L i s t i n g  o f  P a r t i c i p a t i n g  Personnel 
(a )  W. E. Heronemus - P. I. , Management, o v e r a l l  responsi b i  1  i t y  
f o r  t h e  design, ass is ted  by B r i a n  Kuhn ( r e c e i v i n g  no support 
from the  g ran t )  candidate f o r  B.D.I.C. i n  business and energy. 
(b )  D.E. Cromack - Deputy P.I., Ch ie f  Admin i s t ra t i ve  O f f i c e r ,  and 
head o f  t h e  Aerodynamics, Analys is  & Tunnel Working Group, 
and respons ib le  f o r  I n t e r f a c e  Control  and Const ruc t ion  L i a i s o n  
f o r  Working Group 07, t h e  So lar  Hab i ta t .  Assis ted by: 
Fred Perkins and Paul Lefebvre candidates f o r  M.S. i n  
Mechanical Engineering. 
( c )  A.  Chajes - Head of Working Group 01, Support S t ruc tures .  
Assis ted by Wen-Sen Chen and Steven Ba i ley ,  candidates f o r  
M.S. i n  C i v i l  Engineering 
(d )  R.V. Monopol i - ( r e c e i v i n g  no support from t h e  g ran t )  
superv is ing  B. Caccamo, candidate f o r  B.S. i n  E l e c t r i c a l  
& Computer Engineering, who hasdesigned and b u i l t  t he  
P i t c h  Con t ro l l e r .  
(e )  R.M. G lor ioso  - Provideu c o n s u l t a t i o n  t o  both t h e  Load 
C o n t r o l l e r  and t h e  P i t c h  C o n t r o l l e r  working groups. 
( f )  M. Edds - Candidate f o r  M.S. i n  Ocean Engineering - i n  charge 
o f  t he  necessary l abo ra to ry  work and ana lys i s  and the  design 
o f  t h e  Load Con t ro l l e r .  Assis ted by: D. Handman, under- 
graduate research a s s i s t a n t  and W .  Clark, E lec t ron i cs  
Technician, and G.D. Sheckel s  , ( r e c e i v i n g  no support from 
t h i s  g ran t )  consu l tan t  t o  t h e  Load C o n t r o l l e r  Group. 
(g)  A.J. Costa - Responsible f o r  t he  design and manufacture o f  
t he  Mechanical Assembly, Hub, and a l l  r equ i red  shop work. 
Assis ted by: C. B u t t e r f i e l d ,  candidate f o r  M.S. i n  Mechanical 
Engineering, who i s  t h e  design engineer f o r  t h e  hub; 
F. Antoon, candidate f o r  M.S. i n  Mechanical Engineering, 
who i s  t h e  design engineer f o r  t h e  main frame, main d r i v e ,  
po le  matcher, s l  i p r i n g  assembly, nacel 1 es, general arrange- 
ment, and weights and moments record  and c o n t r o l .  
( h )  F.J. Dz ia lo  - Responsible f o r  s t r u c t u r a l  ana lys is  o f  competi- 
ti ve b l  ade concepts. 
( i )  J.G. McGowan - Responsible f o r  To ta l  Systeni s imu la t ion ,  sub- 
system s i z i n g ,  a1 1 thermal component~, t h e  design o f  t h e  
experiment and ins t rumenta t ion .  Assis ted by G. Darkazal l  i , 
candidate f o r  Ph.D. i n  Mechanical Engineering, who i s  t h e  
s imu la t i on  engineer and system ana lys t ;  W. Wells, candidate 
f o r  t h e  M.S. i n  Mechanical Engineering who i s  t h e  design 
engineer f o r  a l l  thermal systems and a l l  thermal components, 
and Lou Socha, candidate f o r  M.S. i n  Mechanical Engineering, 
respons ib le  f o r  s o l a r  i n s o l a t i o n  data c o l l e c t i o n .  
(j) C.A. Johnson - (Receiving no support f rom t h e  Grant.) 
Responsible f o r  t h e  concept, design and engineer ing and con- 
s t r u c t i o n  superv is ion  f o r  t h e  So lar  Hab i ta t .  Assis ted by: 
W. C la rk  and A l l  an M i l  kewicz, Technicians, C i v i l  Engineering 
Department. 
( k )  R .  K i r c h h o f f  - Responsible f o r  a n a l y s i s  and tunnel  i n v e s t i -  
ga t ions  of t h e  i n t e r f e r e n c e  between ad jacent  wind wheels. 
( 1 )  M.P. White - Responsible f o r  v i b r a t i o n  a n a l y s i s  o f  t he  wind 
t u r b i n e  generator  on i t s  tower.  D i r e c t o r  o f  F.S. S toddard 's  
doc to ra l  d i s s e r t a t i o n  i n  t h i s  f i e l d  and B. Johnson, cand ida te  
f o r  Ph.D. degree i n  Ocean Engineer ing.  
7. Pub1 i c a t i o n s  
7.1 Progress and Admin i s t ra t i ve  Reports t o  Date 
PR 7511 F i r s t  Q u a r t e r l y  Progress Report Covering The I n i t i a l  
Organ iza t ion  o f  t h e  P ro jec t ,  March t o  June, 1975. 
PR 7512 Second Q u a r t e r l y  Progress Report  Covering t h e  Design 
Phase o f  t h e  P ro jec t ,  J u l y  t o  September, 1975. 
PR 7513 T h i r d  Q u a r t e r l y  Progress Report Covering t h e  F i n a l  De- 
s i g n  and Manufacturing Phase o f  t h e  P ro jec t ,  September 
t o  December, 1975. 
PR 7611 Four th  Q u a r t e r l y  Progress Report Covering t h e  F ina l  
Manufactur ing and Const ruc t ion  Phase o f  t h e  P ro jec t ,  
December 1975 t o  March 1976. 
AR 7611 A d m i n i s t r a t i v e  Report f o r  t h e  Per iod Ending August 
31, 1976. 
WF-PR-7711 Progress Report f o r  t he  Per iod May - December 1976. 
WF-AR-7711 PHASE I 1  A d m i n i s t r a t i v e  Report  March 30, 1977. 
WF-PR-7712 PHASE I1 F i n a l  Progress Report  J u l y  1977. 
7.2 Papers and Publ ished Reports 
1. " S t a b i l i t y  o f  Wind Power Support Structures," by A. Chajes was pre- 
sented a t  the  Annual Column Research Counci l  Meeting, Toronto, 
Canada, June 1975 (pub1 ished i n  Proceedings o f  Col umn Research 
Counci l ,  P.B. 247 687-1975). 
2. "P re fab r i ca t i ng  Bu i l d ings  Adapted t o  So lar  and Wind Energy U t i l i z a -  
t ion,"  by C.A. Johnson, presented a t  t he  1975 Annual Meeting North 
A t l a n t i c  Region ASAE, Corne l l  Univ., I thaca,  NY, August 1975. 
3. "Wind and Solar  Thermal Combinations f o r  Space Heating," by J.G. 
McGowan, W.E. Heronemus, G. Darkaza l l i ,  presented a t  t he  Tenth 
I n t e r - s o c i e t y  Energy Conversion Conference a t  Newark, Del., 
August 1975. 
4. "Swi tch ing Logic - Wind Furnace Experiment," by W i l l i a m  E. Heronemus, 
e t  a]. ,  SH-1-07.01.001 TR/75/2, Oct. 1975. 
--
5. "Blade S t r u c t u r a l  Design: Wind Furnace Experiment," by E.S. Van Dusen, 
SH-1-2.10, TR/75/3, Jan. 1976. 
6. ' 'A F i r s t  Economic Ana lys is  o f  t he  Wind Furnace," e d i t e d  by 
W.E. Heronemus, SH-1-09.01.001, l'R/76/1, Jan. 1976. 
7. "Discussion o f  Momentum Theory f o r  Windmills," by F o r r e s t  S.  Stoddard, 
TR/76/2, Ap r i  1 1976. 
8. "An Approach t o  P re l im ina ry  Systems Opt imiza t ion  o f  t h e  New England 
Wind Furnace," by Fo r res t  S. Stoddard, TR/76/3, A p r i l  1976. 
9. "Pre l  im inary  Report on Opt imiz ing  the  Windmill k o t o r  ,!' by Pau'i Lefebvre 
and Duane Cromack, TR/76/4, A p r i l  1976. 
10. " F i e l d  C o n t r o l l e r  f o r  t he  UMass Wind Furnace," by Daniel  Hanamann, 
TR/76/5, A p r i l  1976. 
11. "A General Desc r ip t i on  o f  t he  Blade-Pi tch Con t ro l l e r , "  by Bruce A. 
Caccamo , TR/76/6, Ap r i  1 1976. 
12. "Pre l im inary  Report - Thermal Systems - Wind Furnace Pro jec t , "  by 
Jon G. McGowan and Ghazi Darkaza l l i ,  TR/76/7, A p r i l  1976. 
13. "Pre l im inary  Report - k i n a  Data C o l l e c t i o n  and Ana lys is  - Wind 
Furnace Project , "  by Frank C. Kaminsky, TR/76/8, A p r i l  1976. 
14. "Dynamics o f  the  New England Nind Furnace," by M e r i t  P. White, TK/76/9, 
A p r i l  1976. 
15. "Wind Tunnel Test Program o f  a 200-Watt, 12-Vo l t  Wind Generator 
System," by F. S. Stoddard and M. Edds, TR/76/10, A p r i l  1976. 
"Design and I n s t a l l a t i o n  o f  Heat ing System f o r  UMass So lar  Hab i ta t - I , "  
by Ward D. Wells and Jon G. McGowan, UM-WF-TR-76-10, Dec. 1976. 
"Wind and So la r  Res ident ia l  Heat ing System: Energy and Economic Study," 
by Ghazi D a r k a z a l l i  and Jon G. McGowan, Dec. 1976. 
"Three Probabi l  i t y  Dens i t i es  (Log-Normal , Gamma, and Wei b u l l  ) and t h e i r  
A p p l i c a t i o n  t o  Model l ing Average Hour ly  Wind Speed," by Frank Kaminsky, 
UM-W F-TR-77-2, Dec. 1976. 
"Design and Operat ional  Aspects o f  t h e  UMass Wind Furnace," presented 
a t  t h e  AWEA Conf., Boulder, CO, May 12-14, 1977, WM-WF-TR-77-3. 
"Optimum and Near-Optimum Blade Conf igura t ions  f o r  High Speed Wind Tur- 
bines," by D.E. Cromack and P.E. Lefebvre, Proc. 1977 Annual Meeting o f  
the  American Sect ion of t he  I n t e r n a t i o n a l  So lar  Energy Society ,  Orlando, 
Fla., June 6-10, 1977, Vol. 1, pp. 19-16 through 19-19. 
"Four Probabi l  i ty  Dens i t i es  (Log-Normal , Gamma, Wei b u l l  , and Rayle igh)  
and t h e i r  A p p l i c a t i o n  t o  Model1 i n g  Average Hour ly  Wind Speed," by F.C. 
Kaminsky, Proc. 1977 Annual Meeting o f  the. American Sect ion  o f  t h e  
I n t e r n a t i o n a l  So lar  Energy Society, Orlando, Fla.,  June 6-10, 1977, 
Vol.  1, pp. 19-6 through 19-9. 
" A n a l y t i c a l  Performance and Economic Eva lua t ion  o f  Res iden t i a l  Wind o r  
Wind and So lar  Heating Systems," by G. D a r k a z a l l i  and J.G. McGowan, 
Proc. 1977 Annual Meeting o f  t h e  American Sect ion  o f  t h e  I n t e r n a t i o n a l  
So lar  Energy Society ,  Orlando, Fla. , June 6-10, 1977, Vol . 1, pp. 24-20 
through 24-24. 
"Design o f  Hub and P i t c h i n g  System f o r  Wind Furnace I (WF-1) ," by C.B. 
B u t t e r f i e l d ,  J r . ,  June 1977, UM-WF-TR-77-4. 
"Design and Operat ional  Aspects o f  a 25 kW Wind Turbine Generator f o r  
Res ident ia l  Heat ing Appl i c a t i o n s  ," by D. E. Cromack , W. E, Heronemus, 
and J.G. McGowan, presented a t  t he  12 th  I n t e r s o c i e t y  Energy Conversion 
Engineering Conference, Washington, D.C., Aug. 28-Sept. 2, 1977. 
"Pre l im inary  Design and Cost Ana lys is  o f  Small Stayed Pole Mast Wind 
Turbine Towers," by S. Ba i ley ,  Sept. 1977, UM-WF-TR-77-6. 
" S t r u c t u r a l  Ana lys is  o f  Wind Turbine Support f o r  Wind Furnace One," 
by A. Chajes, Sept. 1977, UM-WF-TR-77-7. 
" Ins t rumenta t ion  and I n i t i a l  Experimental Tes t i ng  o f  So la r  H a b i t a t  I ,I1 
by L. Socha and J. McGowan, J u l y  1977, UM-WF-TR-77-8. 
"A Compari t ive Study o f  Optimized Blade Conf igura t ions  f o r  High Speed 
Wind Turbines," by P. L. Lefebvre and D. E. Cromack, August 1977, 
UM-WF-TR-77-9. 
"The Working Drawings and B i l l s  o f  M a t e r i a l  f o r  Wind Furnace One as 
I n s t a l l e d  a t  So la r  H a b i t a t  I, Orchard H i l l ,  U n i v e r s i t y  o f  Massachusetts, 
Amherst, MA 01 003," e d i t e d  by W. E. Heronemus, Sept. 1977, UM-WF-TR-77-10. 
8. The Educational Corr~ponent 
Four doc tora l  candidates received s i g n i f i c a n t  support from t h i s  
p r o j e c t .  One has completed h i s  degree requ i re~ r~en ts  and the  o ther  th ree 
a re  expected t o  f i n i s h  by January, 1978. A f i f t h  doc tora l  candidate 
has been supported by p r i v a t e  funds meant t o  p a r a l l e l  t h i s  p r o j e c t .  
F i f t een  masters candidates have received a l l  o r  p a r t  o f  t he  sup- 
p o r t  provided them whi 1 e they obtained t h e i r  degrees. Mechanical , 
C i v i l ,  Ocean, I n d u s t r i a l  and E l e c t r i c a l  engineering advanced degrees 
are inc luded i n  those f i f t e e n .  
E igh t  undergraduates have experienced a s i g n i f i c a n t  involvement i n  
t h i s  research p r o j e c t :  each has received f i n a n c i a l  support vary ing  
from very small st ipends t o  near l y  f u l l  support of education. Engineer- 
ing, physics, f o r e s t r y  and wood technology d i s c i p l i n e s  a re  inc luded 
i n  those e i g h t .  Three of them received support from NSF Undergraduate 
Research P a r t i c i p a t i o n  Grants, a l l ow ing  them t o  associate w i t h  t h i s  
p r o j e c t .  
Ten f a c u l t y  have received support from t h i s  p ro jec t .  Two o ther  
f a c u l t y  have p a r t i c i p a t e d  w i thout  support. One o ther  received support 
from r e l a t e d  p r o j e c t  funds and, one o ther  has received research 
i n i t i a t i o n  funding f o r  work r e l a t e d  d i r e c t l y  t o  wind t u r b i n e  blades. 
One graduate l e v e l  course i n  Windpower Engineering has been created 
as a d i r e c t  r e s u l t  of t h i s  p ro jec t .  Many i n d i v i d u a l  undergraduate 
and graduate 1 eve1 specia l  p ro jec ts  have been undertaken f o r  academic 
c r e d i t  as a d i r e c t  r e s u l t  of t h i s  p ro jec t .  A t  l e a s t  t h ree  formal non- 
techn ica l  undergraduate courses, t h ree  freshmen engineering modules 
and campus-wide i n t e r e s t  i n  energy and energy a l t e r n a t i v e s  have been 
created as a r e s u l t  o f  t h i s  a c t i v i t y .  Many of t h e  invo lved f a c u l t y  
have lec tu red  a1 1 over the  country (and i n  a number o f  f o r e i g n  
count r ies)  as a r e s u l t  o f  ex terna l  i n t e r e s t  i n  t h i s  p r o j e c t  a t  UMass. 
Th is  U n i v e r s i t y  i s  t r u l y  gra te fu l  f o r  t he  support which has 
created such a s i g n i f i c a n t  a d d i t i o n  t o  i t s  educational program. 
9. Recommendations for Future Work 
This i s  a Final Reportsummarizingthe l a s t  two years of e f for t  
of a continuing research project. This project has created a 
significant laboratory and operating alternative energy system. For 
awhile t h i s  laboratory was also used as a demonstration s i t e  visited 
by thousands of ci t izens interested i n  alternative energy systems. 
As a minimum, the laboratory and system should be operated as a 
teaching laboratory, data collection s i t e ,  and public demonstration 
fac i l i ty .  Several thousand citizens had visited the f a c i l i t y  before 
i t  was closed to the public for  lack of funds t o  support demonstration. 
I t  i s  safe to  say that  more grade-school , high school and coll ege 
students have received the i r  f i r s t  introduction to  solar  energy hard- 
ware in Solar Habitat I than a t  any other place in New England. This 
educational process should be expanded. 
The system should be run continuously t o  establish a track 
record, a real demonstration of the wind furnace process. Indeed, a 
second and perhaps a third machine, improved models of WF-1 and/or 
perhaps a vertical axis windmachine should be designed, bui l t  and 
installed a t  the same Orchard Hill s i t e .  Then - one machine can be 
used to  obtain specific aerodynamic data in support of future designs 
while the others simply prove how much heating energy can be extracted 
from the winds. 
The Wind Furnace experiment should be replicated as soon as pos- 
s ib le  a t  a number of other s i t e s  to show experimentally how the concept 
fares in different wind regimes. There i s  an excellent location a t  
the university's marine station near Gloucester, MA, to show how a 
Wind Furnace w i l l  produce i n  an A t l a n t i c  coasta l  wind. There i s  an 
exce l l an t  l o c a t i o n  a t  the  U n i v e r s i t y ' s  marine b io logy  s t a t i o n  on 
Nantucket which would show how t h e  Wind Furnace w i l l  produce i n  an 
i s l a n d i c  wind. Then one should consider  some partners i n  o t h e r  
regions: (a) an i n s t a l l a t i o n  i n  Canton, New York, (b)  an i n s t a l -  
l a t i o n  i n  Iowa, ( c )  an i n s t a l l a t i o n  on an Ind ian rese rva t ion  i n  North 
Dakota, etc.  That purchase of a t  l e a s t  t e n  i d e n t i c a l  machines and 
t h e i r  i n s t a l l a t i o n  i n  d i v e r s i f i e d  l oca t ions ,  should be next  on t h e  
l i s t .  And t h a t  i s  n o t  a p r o j e c t  f o r  an academic research team, but 
an i n d u s t r i a l  ex ten t ion  o f  t h e i r  past  work. 
One day soon the  f i r s t  offshore urban Wind Furnace system should 
be b u i l t  and i n s t a l  led, perhaps o f f  Hu l l ,  MA. Two designs f o r  t h a t  
f i r s t  i n s t a l l a t i o n  have been prepared by students and f a c u l t y  i n  t h e  
U n i v e r s i t y  of Massachusetts. 
I n  summary, can anyone e l s e  i d e n t i f y  any equa l l y  simple and 
e c o l o g i c a l l y  sound program, capable of e a r l y  and quick commercial izat ion, 
t h a t  has t h e  p o t e n t i a l  f o r  saving 270 m i l  1 i o n  b a r r e l s  o f  petroleum 
imports per year? 
